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CHAPTER I: GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized in four chapters and an appendix. Chapter I 
includes a general introduction and a review of the literature to provide background and 
context to the original work presented in Chapters II and HI. Chapter II is a paper to be 
submitted to the Journal of Comparative Neurology. Chapter IE includes preliminary 
data and proposed experiments to complete a second paper. Chapter IV provides a 
summary and general conclusions. Additional relevant material not included in Chapter 
H or HI is presented in the Appendix. 
General Introduction 
Specification of cell fate in developing mouse nervous system 
The vertebrate nervous system is exceptionally complex, consisting of two major 
structural divisions and a number of functional classifications. The specific genetic 
mechanisms involved in the patterning and formation of the nervous system are not well 
understood, although many of the molecules involved have been identified. Several broad 
categories of patterning can be identified: anterior-posterior (AP) patterning of the neural 
tube, dorsal-ventral (DV) patterning within the neural tube, and neuronal outgrowth and 
axonal pathfinding both within the central nervous system and in the formation of the 
peripheral nervous system. Fate specification and correct development of most neurons 
depends in some fashion on information from all of these systems. 
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A more thorough understanding of the genetic mechanisms involved in controlling 
neural cell fate can be gained through studies of global mechanisms that control pattern 
formation and cell fate in the entire animal. One group of homeobox containing genes, 
Hox genes, are major players in developmental patterning of neural elements as well as 
most other tissues of the body. However, while a great deal is understood about the 
expression patterns of Hox genes (Gaunt et al., 1988; Boncinelli, 1995) much of the 
published work on Hox function has focused on pattern formation of skeletal elements 
(Gaunt et al., 1988; Pollock et al., 1992; Jeannette et al., 1993; Charité et al., 1995; Aubin 
et al., 1998; Burke, 2000) or specific functional defects of peripheral structures (Pollock et 
al., 1992; Aubin et al., 1997; Aubin et al., 1999; Volpe et al., 2000). While some homeobox 
genes have been shown to be important in aspects of brain and spinal cord development 
(Lumsden and Krumlauf, 1996; Tanabe and Jessell, 1996) such as establishing boundaries 
between rhombomeres which give rise to the hindbrain, (Hunt et al., 1991b), there are few 
studies which have focused on the role of homeobox genes in directing correct 
development of peripheral nervous structures (Fanarraga et al., 1997; delaCruz et al., 1999; 
vandenAkker et al., 1999). Our current understanding of the specific functional roles of 
these genes and their targets is extremely limited. 
The purpose of this dissertation research was to investigate the role of one 
homeobox gene, HoxaS, in the development of the central and peripheral nervous systems. 
Because HoxaS is expressed in the brachial spinal cord and enteric neuroblasts during 
development, and because other Hox genes have been shown to play significant roles 
during development of neural structures, HoxaS is likely to control aspects of formation of 
the central and peripheral nervous systems. Although no neural phenotype has yet been 
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observed in the HoxaS knockout mutant, this result indicates either a lack of HoxaS 
function in the CNS or the presence of compensatory mechanisms by other related Hox 
proteins that prevent development of an observable phenotype. In the work reported here, 
functional HOXAS protein was overexpressed in the developing nervous system in 
transgenic mice in order to gain insight into the mechanisms by which diis gene exerts its 
effects during development. 
Literature Review 
Anatomy and Patterning of the Vertebrate Nervous System 
The vertebrate nervous system can be divided into two major structural divisions: 
the central nervous system (CNS) and the peripheral nervous system (PNS); see Figure 1. 
The CNS consists of the brain and spinal cord, which are adult structures formed from the 
embryonic neural tube. While the brain is enlarged and more highly organized than the 
spinal cord, the two structures share a basic pattern of organization consisting of a layered 
arrangement of cell bodies and processes. Within the spinal cord, white matter and gray 
matter can be distinguished (Figure 2a). The white matter is composed of tracts formed of 
cell processes that carry signals either from the periphery to the brain or in the opposite 
direction. The gray matter forms dorsal and ventral horns that consist of layers (called 
lamina) that contain neural cell bodies as well as processes that either join ascending 
columns, exit the spinal cord to innervate the periphery, or connect with other neural cells 
within the cord (Heimer, 1995); see Figure 2b. One feature of note is that the spinal cord is 
enlarged at the level of the limbs. These enlargements are known as the cervical (forelimb) 
and lumbar (hindlimb) enlargements, and are formed in large part due to the increased 
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Figure 1 : Structural Divisions of the Vertebrate Nervous System. 
Modified from Bossy, "Atlas of Neuroanatomy and Special Sense 
Organs", 1970. W.B. Saunders Company. Used with permission. 
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Figure 2: Structural Organization of the Human Spinal Cord 
A. Drawing of spinal cord structure, including nerve roots and dorsal root 
ganglia of the peripheral nervous system. Reproduced with permission 
from Carpenter, "Core Text of Neuroanatomy." 1983. Baltimore, Md: 
Lippincott, Williams & Wilkins. Used with permission. 
B. Photograph of spinal gray matter at the level of C6, overlaid with 
depiction of the laminar organization. Roman numerals denote Lamine of 
Rexed. Lamine I and II correspond to the substantia gelatinosa. Structure 
shown is similar to mouse spinal cord anatomy. Reproduced with 
permission from Carpenter, "Human Neuroanatomy" 1976. Baltimore 
Md: Lippincott, Williams & Wilkins. 
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number of motor neurons required for innervation of limb muscles. While the spinal cord 
itself is not overtly segmented, a segmental foundation is apparent in the repeating 
structures of the PNS that provide connections between PNS and CNS. One such structure 
is the dorsal root ganglia (DRG) located adjacent to the spinal cord (shown in Figure 2a). 
PNS structures are broadly distributed throughout the body, and include ganglia 
(collections of neural cell bodies) and nerves (collections of neural cell processes). The 
PNS can be broadly divided into sensory and motor divisions. The most basic level of 
neural function is the reflex arc depicted in Figure 3a, in which sensory portions of the PNS 
bring signals to the spinal cord, where they are processed locally and a signal is returned 
via the motor division of the PNS. Each spinal nerve carries information from a particular 
area of the body. An example of this is shown in Figure 3 b and c, demonstrating the 
pattern of innervation of the skin in the developing vertebrate and the adult human. Motor 
neuron cell bodies are found in the ventral gray matter (ventral horns) of the spinal cord, 
while their axons exit the spinal cord through the ventral root and travel via spinal nerves to 
peripheral muscles and glands. Primary sensory cell bodies are located in DRG and send 
processes into the spinal cord through dorsal roots and out to the periphery through spinal 
nerves. The spinal nerves therefore carry both sensory and motor neural processes. At the 
levels of the limbs, these spinal nerves join, mingle, and rebranch, forming structures 
known as plexuses. Major nerves exiting a plexus may thus contain processes from several 
levels of the spinal cord, in contrast to spinal nerves at the thoracic level which carry only 
processes from one segment of the spinal cord. 
In addition to the structural divisions described so far, the nervous system can be 
divided functionally into somatic, autonomic, and enteric divisions (Figure 1 ). The somatic 
Figure 3: Innervation of Peripheral Structures 
A typical reflex arc consists of three basic parts. A sensory afferent neuron brings 
information in from the periphery and has a cell body located in the dorsal root 
ganglion. Cell bodies of intemeurons are located in the spinal gray matter (dorsal 
horn), and these neurons extend axons through the gray matter to the ventral hom. 
Motor neurons, with cell bodies located in the ventral horn, extend axons back out 
to the periphery and carry signals to skeletal muscle or other effectors (A). Each 
spinal segment innervates a specific region of the periphery of the animal, and 
sensory innervation of the skin has been well mapped. Patterns of such 
innervation are represented during development of the vertebrate forelimb (B), 
and for the entire body of the adult human (C). A and C, reproduced with 
permission from Oilman and Newman, "Essentials of Clinical Neuroanatomy and 
Neurophysiology", 1996. Philadelphia, PA: FA Davis Co. B, reproduced with 
permission from Kent, "Comparative Anatomy of the Vertebrates", 1987. Times 
Mirror/Mosby College Publishing. 
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and autonomic divisions are broadly distributed and can be simplistically described as the 
"conscious" and "subconscious" divisions of the nervous system. The enteric division of 
the nervous system (ENS) is similar in function to the autonomic nervous system but is 
localized exclusively to the digestive tract and may be more similar in structure to portions 
of the CNS (Gershon and Tennyson, 1991). The ENS consists of two plexuses, the 
myenteric (or Auerbach's) plexus, and the submucosal (or Meissner's) plexus, which 
function together as an integrated unit to regulate intestinal motility. 
There is much interest in the patterning mechanisms that allow correct innervation 
of peripheral structures, as well as the mechanisms that give rise to the complex 
interconnections between PNS and CNS and within the CNS. Three general classes of 
neuronal types can be envisioned in this patterning: intemeurons, which are entirely 
located within the central nervous system and modulate signaling or cany signals within 
the CNS; motor neurons, whose cell bodies are located within the CNS but whose axons 
extend into the periphery and innervate appropriate targets; and sensory neurons, the cell 
bodies of which are located in peripheral ganglion structures, and which send processes to 
both peripheral and central targets (Figure 4d). Analysis of target specificity and the 
development of appropriate patterns of peripheral innervation are active areas of study 
within the field of developmental neurobiology, yet are outside the scope of this work. 
Formation of appropriate central targets for primary afferent (sensory) neurons appears to 
be under the control of at least two sets of patterning systems, those which define dorsal-
ventral identity within the neural tube, and global systems that determine location along the 
anterior-posterior axis. These systems operate independently (Simon et al., 1995; Lumsden 
and Krumlauf, 1996) although both are required for correct formation of neural structures. 
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Figure 4: Development of the Spinal Cord. 
Neural crest cells migrate away from the differentiating neurectoderm 
shortly after neurulation, and the neural tube becomes separated into 
a dorsal alar plate and a ventral basal plate, which contain cells which 
will differentiate into dorsal intemeurons and motor neurons, 
respectively (A, e9.5). As cell divison of neural precursors continues, 
the neural tube becomes organized into three layers: the marginal and 
ependymal layers which primarily give rise to glia and supporting 
tissues, and the mantle layer which will give rise to spinal intemeurons 
in the dorsal region (alar plate) and motor neurons in the ventral 
region (basal plate). The roofplate and the floorplate play key roles 
in signalling and fate specification of dorsal and ventral cell fates, 
respectively. (B, elO.5; C, el 1.5). By el 7.5, the organization of the 
spinal cord is very similar to that seen in the adult, although many 
connections between neural populations are still developing (D). 
Used with permission from Kaufman and Bard, "The Anatomical 
Basis of Mouse Development", 1999. Harcourt Brace and Co. Figure 
4.6.2, p. 177. 
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During development of the spinal cord (Figure 4), future neurons are segregated 
into a dorsal alar plate containing presumptive intemeurons, and a ventral basal plate 
containing presumptive motor neurons. Further subdivision of these broad populations 
generates additional diversity of cell type and function. While the mechanisms regulating 
specification of ventral cell fates in formation of the ventral horns from the early basal plate 
are relatively well understood, the signals that control dorsal specification of cells have 
only recently begun to be fully elucidated. Specification of motor neuron identity within 
the spinal cord is initiated by sonic hedgehog (Shh) signaling from the notochord (and 
subsequently, the floorplate of the neural tube itself; Tanabe and Jessell 1996; Pfaff and 
Kintner 1998) followed by diversification of motor neuron subtypes (Lumsden, 1995; Pfaff 
and Kintner, 1998; Eisen, 1999). Identity of motor neuron subtypes can be relatively easily 
followed by identification of the location of their soma within the ventral horn of the spinal 
cord, as well as the initial trajectory and ultimate target of their axons. Diversification of 
populations of intemeurons is more difficult to assess, as the connections formed by these 
cells are more diverse and the density of both total neurons and neural cell types within the 
dorsal horns is much higher than in the ventral horns. Until recently, dorsal patterning was 
known to be affected by members of the bone morphogenetic protein {BMP) and Pax 
families (Tanabe and Jessell, 1996; Spdrle and Schughart, 1997) but the signals were 
thought to originate primarily in the dorsal epidermis and specific details of the process 
remained unclear (See Figure 5a). Researchers (Eggenschwiler and Anderson, 2000) have 
recently shown that an uncloned mouse mutant, open brain (opb) also plays a role in 
dorsal-ventral spinal cord patterning, either as a member of the dorsal-promoting signaling 
pathway directly, or by repressing Shh activity, or both. Additional recent work has clearly 
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shown that, while the dorsal epidermis does play a role in correct patterning of the dorsal 
neural tube, signals (including BMP' s ) from the roofplate of the developing neural tube are 
required for correct specification of unique classes of dorsal intemeuron fates (Figure 5) 
(Lee et al., 2000; Manzanares and Krumlauf, 2000; Millonig et al., 2000). These two 
groups studied mouse mutants in which the roofplate does not form, either as a result of 
genetic ablation (Lee et al., 2000) or as the phenotype of a spontaneous neurological 
mutation (Millonig et al., 2000). Both groups demonstrated the loss of roofplate cell 
identities in the mutants, and loss of additional dorsal cell populations as identified by 
expression of specific marker genes (Figure 5). Classes of dorsal fates are presumed to 
give rise to specific intemeurons. These classes include D1A, DIB, and D2, which are 
dependent on roof plate signaling for correct proliferation and formation, and D3 and 
Lmxlb+ neurons, which are independent of the roof plate for specification and thus expand 
dorsally in roof plate deficient mutants (Lee et al., 2000). During development, cells 
destined for dorsal fates can be identified by expression of markers such as Bmp6, Bmp7 
and Msxl (roofplate), Pax7(all dorsal fates), Mathl (D1A and DIB), Isll (D2), and 
Liml/Lim2 (D3) by specific classes of dorsal intemeurons. Of these classes, D1A, DIB, 
and D2 classes of cells are missing or reduced in the roofplate mutants. However, while 
distinct classes of dorsal intemeurons are also identifiable in the adult spinal cord (Stewart 
2000), it remains an open question whether there is a direct correlation between dorsal 
intemeuron identity during development and laminar structure of the dorsal horn in the 
adult. If such a correlation exists, a further question of great interest would be 
identification of which adult laminae arise from specific developmental populations such as 
D1A, etc. 
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Figure 5: The Role of the Roofplate in Specification of Dorsal Intemeuron 
Fates in the Developing Vertebrate Spinal Cord. 
In the wildtype animal, BMP's from the epidermal ectoderm act to 
induce neural crest and then roofplate cell populations. BMP's from 
the roofplate then induce dorsal intemeuron cell fates (A). In animals 
in which roofplate populations are genetically ablated (B), loss of BMP 
signalling leads to loss of Dl and D2 classes of dorsal intemeurons. 
The dreher mouse mutant also apparently lacks roofplate cells (C), 
although some dorsal intemeurons are correctly specified. D provides 
more detailed information of the normal patterns of marker gene 
expression in classes of dorsal intemeurons, and E displays the 
observed pattern seen in the Gdf7-DTA mutants. A-C reproduced with 
permission from Manzanares and Krumlauf, "Raising the Roof Nature. 
2000. vol 403, p 720-721. D and E reproduced with permission from 
Lee, Dietrich, and Jessell, "Genetic ablation reveals that the roofplate 
is essential for dorsal intemeuron specification." Nature, 2000. Vol 
403, p. 734-740. 
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Patterning of gut innervation seems to be a separate process, although many of the 
same factors may be important. As with other peripheral ganglia such as the dorsal root 
ganglia and ganglia of the autonomic nervous system, the ganglia of the enteric plexus are 
populated by neural crest cells, which delaminate from the developing neural tube at an 
early stage and migrate over defined pathways to form structures of the peripheral nervous 
system along with a wide range of structures of mesenchymal origin, endocrine cells, and 
pigment cells (LeDouarin and Kalcheim, 1999). Upon reaching their adult location, neural 
crest cells destined to form components of the peripheral neural system differentiate into 
neuroblasts and send processes both back to the central nervous system and out to more 
peripheral structures. Particularly in the last decade, one area of great interest has been the 
mechanisms by which these cells are specified, directed to the correct location, and 
signaled to differentiate (LeDouarin and Kalcheim, 1999). It is widely accepted that neural 
crest cells are likely to be specified prior to migration, raising the possibility that general 
patterning mechanisms of the central nervous system may also play a role in patterning of 
the neural crest and thus peripheral structures. 
Introduction to Homeobox Genes and Hox Clusters 
The homeobox is a well-conserved 180 bp DNA element which encodes a helix-
tum-helix protein motif with DNA binding ability (McGinnis et al., 1984; Scott and 
Weiner, 1984). Genes which contain this motif are thought to encode transcription factors, 
and have been implicated as "master switch" elements in fate specification and pattern 
formation in many organisms, including plants (Ruberti et al., 1991) and invertebrates 
(Averof and Akam, 1993). The homeobox was first identified as a conserved element in 
many Drosophila developmental control genes. Mutations in these homeobox containing 
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genes {Hox) lead to homeotic phenotypes, a phrase coined by Bateson to describe 
phenotypes resulting misspecification of structural identity (Bateson, 1894). Of particular 
interest was the fact that, in homeotic mutants, the appendage formed was structurally 
correct in all but location, implicating homeobox genes as master control elements of 
global patterning and developmental fate rather than local determinants. Expression 
patterns and unique and specific functions for Drosophila homeobox genes have been well 
studied (Dessain and McGinnis, 1991; Morata, 1993), and the essential functions of these 
genes are fairly well understood. 
A characteristic of Hox genes is their clustered organization in both Drosophila and 
vertebrates. These complexes are often referred to as HOM-C (HOMeotic Complex) in 
Drosophila and HOXlHox complexes in humans/mice. Vertebrate genomes contain at least 
four independent Hox complexes(McGinnis and Krumlauf, 1992); while most vertebrate 
genomes contain four complexes, recent evidence indicates that there are as many as seven 
in the zebrafish, Danio rerio, (Meyer and Mâlaga-Trillo, 1999). Thus vertebrates can have 
multiple copies of each Hox gene (termed paralogies), in contrast to the single copy of 
each gene present in Drosophila and other invertebrates. 
Duplication and expansion of Hox gene clusters is likely to have been a key step in 
vertebrate evolution (Kappen et al., 1989; Schughart et al., 1989; Kessel and Gruss, 1990; 
Krumlauf, 1992). Duplication freed these essential genes from evolutionary constraints 
and allowed a significant increase in developmental complexity as a result of new functions 
acquired by the multiple copies of each gene. However, it seems that a great deal of 
redundancy is inherent in the system, complicating functional studies of Hox genes in 
vertebrates. While the specific function of many vertebrate Hox genes remains unclear, 
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disruption of their distinct spatial and temporal expression patterns causes a wide range of 
developmental defects, including homeotic transformations of vertebrate skeletal structures 
(Pollock et al., 1992; Jeannotte et al., 1993; Horan et al., 1995; Boulet and Capecchi, 1996). 
Interestingly, while the location of Hox gene expression relative to absolute somite number 
along the vertebrate axis varies between species, several Hox genes appear to be expressed 
in a conserved manner at functional boundaries regardless of the absolute location of those 
boundaries in each particular species (Gaunt, 2000). For example, the anterior boundary of 
expression of a HoxaS homologue correlates with the cervical/thoracic transition in 
chicken, frog, and mouse, despite differences in number of cervical and thoracic vertebrae 
among these species (Burke, 2000; Gaunt, 2000). This relationship indicates a functional 
role for Hox genes in determining structural differences between species. 
The presence of multiple paralogous genes raises the possibility of compensation, a 
situation where function of a gene that is lost can be taken over by a paralogous gene 
coexpressed in the same tissue. Each paralogue is likely to have retained some of the 
original function while gaining new functions that are unique. While knockout 
experiments can uncover the unique functions of individual genes, compensatory 
mechanisms may prevent us from seeing the redundant effects of paralogous groups. 
However, the situation is by no means simple, as separate mutations in paralogous genes 
produce overlapping phenotypes in some cases (Horan et al., 1995) but not in others 
(Chisaka and Capecchi, 1991; Condie and Capecchi, 1993; Ramirez-Solis et al., 1993; 
Horan et al., 1994; Kostic and Capecchi, 1994), and while genes within a paralogous group 
tend to share similar regional patterns of expression, each gene demonstrates a specific 
temporal and tissue specific pattern (Gaunt et al., 1989; Hunt et al., 1991a). Further, in the 
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few studies done to date using animals lacking multiple Hox paralogues, these compound 
mutants generally show more severe and often novel phenotypes in comparison to either 
single mutant (Condie and Capecchi, 1994; Fromental-Ramain et al., 1996a; Fromental-
Ramain et al., 1996b; Studer et al., 1998; vandenAkker et al., 2001) indicating that while an 
animal may be able to compensate for loss of a single paralogue due to redundant function 
of paralogous genes, loss of multiple paralogues unmasks the redundant function of these 
genes. 
Correlation of Hox Chromosomal Position and Expression Pattern: The Hox Code 
One of the more interesting features of the Hox and HOM-C complexes is that the 
temporal and anterior limits of expression of a particular gene correlate with the location of 
that gene within the complex, such that the most 3' genes are expressed earliest and have 
the most anterior limits of expression (Lewis, 1978; Gaunt et al., 1988). Notably, the most 
significant phenotypes of ectopic expression of a gene are observed when the ectopic 
expression is in more anterior regions (Kessel et al., 1990), and the most significant effects 
of a loss of function are seen in the most anterior portion of the expression domain 
(LeMouellic et al. 1992; Tiret et al. 1998; for review see McGinnis and Krumlauf 1992). 
Two models have been proposed to explain this phenomenon: phenotypic suppression in 
Drosophila and posterior prevalence in vertebrates. 
Posterior genes in Drosophila apparently downregulate the expression of more 
anterior genes, leading to the formation of discrete bands of gene expression with an 
anterior limit determined by location in the complex and a posterior limit determined by the 
expression of posterior genes (Lewis, 1978). Ectopic function of an anterior gene in a more 
posterior region is likely to be suppressed by the posterior genes, preventing a phenotypic 
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effect of such ectopic expression. However, ectopic expression of a homeobox gene in a 
more anterior region is not subject to this type of regulation, and is more likely to lead to a 
phenotypic effect. 
While each vertebrate homeobox gene has a defined anterior limit of expression, 
posterior expression boundaries are not clearly demarcated, leading to significant 
overlapping of homeobox gene expression in the posterior regions of the animal. The 
resulting "Hox code" consisting of the pattern of Hox gene expression is thought to be a 
mechanism by which cells can determine their location along the anterior-posterior axis, 
and thus a determinant of which structures need to be formed in that region. Further, the 
most 5' (or most posteriorly expressed) gene which is expressed in a particular region is 
likely to be the unique determinant of segmental identity, since the pattern of anterior genes 
will be the same across a range of anterior-posterior locations. 
The Hox code has been demonstrated most dramatically in the hindbrain, which 
displays an overtly segmented structure early in development (Hunt et al., 1991b; Hunt et 
al., 1991c; Chisaka et al., 1992; Studer et al., 1996; Gavalas et al., 1997; Gavalas et al., 
1998). At approximately e9.0 to e9.5, rhombomeres appear as bulges along the neural tube 
in the region that will produce the hindbrain. Immunocytochemistry (Heyman et al., 1995) 
and electron micrographie studies (Heyman et al., 1993) have indicated specific 
morphological and molecular characteristics of the boundaries between rhombomeres, and 
transplantation and co-culture experiments have demonstrated that the boundaries are 
maintained by differential cell adhesion properties (Fraser et al., 1990; Guthrie et al., 1993; 
Wingate and Lumsden, 1996); and that this pattern of differential adhesion displays a two-
segment repeat (Heyman et al., 1993) which is also apparent from the patterns of gene 
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expression of a number of signaling molecules and transcription factors, including Hox 
genes (Wilkinson et al., 1989; Lumsden and Krumlauf, 1996). 
Each rhombomere or pair of rhombomeres displays a unique pattern of Hox gene 
expression termed the Hox Code; (Hunt et al., 1991a; Hunt and Krumlauf, 1991). Because 
these expression patterns are established prior to formation of the rhombomeres (Wilkinson 
et al., 1989), and expression boundaries of Hox genes becomes restricted to the boundaries 
between rhombomeres (Wilkinson et al., 1989; Zhang et al., 1994), the Hox genes are 
likely to be key players in correct specification of rhombomere identity. Several groups 
have demonstrated that misexpression of single Hox genes (Zhang et al., 1994; Bell et al., 
1999; Barrow et al., 2000) or simultaneous mutations in two Hox genes (Studer et al., 1998; 
Davenne et al., 1999; Rossel and Capecchi, 1999; Barrow et al., 2000) interfere with 
correct specification and development of rhombomeres. This misspecification of 
rhombomeric identity leads to abnormal patterns of cranial neural crest migration and 
abnormal formation of cranial nerves (Studer et al., 1996; Bell et al., 1999). Evidence also 
indicates that at least some Hox genes may control dorsal-ventral patterns of neuronal 
development, in addition to the anterior-posterior identity of each rhombomere (Davenne et 
al., 1999). 
While there is evidence for patterning of sensory nuclei based on the underlying 
pattern of the rhombomeres (Lawrence and Struhl, 1996) the most revealing studies to date 
have focused on motor neuron specification, as motor neurons developing from each 
rhombomere display rhombomere specific identities and the identity of motor neurons can 
be identified by patterns of axonal outgrowth (Lumsden and Krumlauf, 1996; Bell et al., 
1999; Jungbluth et al., 1999). 
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Hox genes have also been demonstrated to play key roles in patterning of cranial 
nerves (Carpenter et al., 1993; Marie et al., 1993; Barrow and Capecchi, 1996; Goddard et 
al., 1996; Studer et al., 1996; Gavalas et al., 1997) and specification of branchiomotor 
neuron identities (Jungbluth et al., 1999) both of which may be secondary to patterning of 
rhombomeres in the hindbrain. While it is also probable that Hox genes play a role in the 
regionalization of more posterior regions of the nervous system (for review see Krumlauf et 
al. 1993), analysis of Hox function in patterning more posterior neural elements has been 
complicated by a lack of unique landmarks within the structure of the spinal cord and by 
the metameric nature (composed of repeating structural units) of the peripheral nervous 
system. Both of these features make identification of homeotic alterations in the spinal 
cord and peripheral structures difficult. Despite these difficulties, Hox genes have been 
shown to be important for specification of segmental identity in the spinal cord (Carpenter 
et al., 1997; Tiret et al., 1998), formation and projection of spinal and peripheral nerves 
(Rancourt et al., 1995; Rijli et al., 1995; Fanarraga et al., 1997; Tiret et al., 1998; 
vandenAkker et al., 1999) and development of peripheral nervous structures of the 
hindlimb (delaCruz et al., 1999; Wahba et al., 2001) and enteric plexus (Wolgemuth et al., 
1989a; Wolgemuth et al., 1989b; Pitera et al., 1999). Most of these studies have focused on 
motor neuron patterning and function, with the exception of studies of Hoxb8, which 
indicate that presence of Hoxb8 plays a role in survival of spinal dorsal root ganglion, 
which consist of sensory neural cell bodies (Fanarraga et al., 1997; vandenAkker et al., 
1999). However, even in these studies, there has not been a pattern of sensory deficits 
reported as a result of Hox gene mutation or misexpression. 
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In further support of the role of Hox genes in specification of peripheral structures, 
an enteric Hox code has also been demonstrated, such that members of the Hox family 
appear to play essential roles in specification of functional regions of the digestive tract, 
including directing proper development of the enteric nervous system (ENS) (Sekimoto et 
al., 1998; Pitera et al., 1999; Beck et al., 2000). While the entire code has not been well 
documented, an overall pattern consistent with an AP patterning role of Hox genes similar 
to their AP locations along the body axis has been described reviewed by (Beck et al., 
2000) As in the CNS, many of the Hox genes that have been studied in the gut have 
specific anterior limits of expression but are expressed in a broad region posteriorly, so that 
there is a great deal of overlap in posterior regions. Generally, genes from more 3' 
paralogous groups (1-4) are expressed in anterior portions of the gut and derivatives such as 
the pharynx, oesophagus, thyroid, and thymus, while genes from 5' paralogous groups (9-
13) are limited to posterior portions such as the large intestine and rectum. Overlapping 
patterns of expression of paralogous genes indicates that there may be functional 
redundancy between paralogues in gut patterning (Sekimoto et al., 1998; Pitera et al., 
1999). 
Murine Homeobox Gene HoxaS 
Hoxa5 (formerly Hox 1.3), a murine homeobox gene, is expressed at the mRNA 
level in embryonic structures of mesodermal origin or induced by the mesoderm (Dony and 
Gruss, 1987), including somites (and derivatives such as vertebrae), spinal cord, autonomic 
ganglia, lung, stomach, gut, and kidney (Figure 6). HOXAS protein is first detected by 
polyclonal antibody at embryonic day 7.5 (e7.5) in the ectoderm and mesoderm germ 
layers (Tani et al., 1989). However, this protein expression pattern does not agree with the 
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Figure 6: Expression of Hoxa5 in el2.5 embryonic mice. 
Stippled boxes represent locations of strong Hoxa5 expression, open 
boxes represent low levels of HoxaS expression. Posterior limits are 
not clearly established for either CNS or prevertebral column. Heart is 
negative but Gaunt et al 1988 report discrete expression in the wall of the 
aortic arch. Expression in visceral organs is limited to the mesenchymal 
layer. After Holland and Hogan (1988), with data from Dony and Gruss 
(1987); Gaunt et al. (1988); Aubin et al. (1997); Aubin et al. (1999); and 
Pitera et al. (1999). 
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pattern ofRNA detected by in situ hybridization (ISH) experiments (Dony and Grass, 
1987), as it is both too early and too broad. Therefore, the polyclonal antibody may be 
detecting antigens in addition to the HOXA5 protein. Alternatively, the ISH detection limit 
may be less sensitive than antibody detection. In situ hybridization experiments have 
demonstrated that subsequent RNA expression persists during organogenesis, and 
strengthens in the brachial spinal cord (Dony and Grass, 1987; Gaunt et al., 1988). The 
anterior limit of expression of HoxaS in the el 2.5 embryo in the spinal cord is in the 
posterior myelencephalon, while the anterior limit in the paraxial mesoderm is the third 
cervical prevertebrae (Gaunt et al., 1988; Jeannotte et al., 1993). As might be expected 
from the general patterns of the enteric Hox code described earlier, Hoxa5 is specifically 
expressed in the developing midgut and derivatives which include trachea, lung, stomach, 
and anterior small intestine, with an additional posterior region of expression in the cecum 
and adjacent large intestine (Pitera et al., 1999). It is notable that the lung, stomach, and 
cecum are all regions of rapid cell growth and expansion, in comparison to oesophagus and 
small intestine, which have a much narrower diameter in the adult animal (Pitera et al., 
1999) providing more evidence that HoxaS may exert its effect by regulation of cell 
proliferation. 
The RNA pattern of HoxaS expression is likely to be broader than that of the 
functional protein. Multiple transcripts containing the HoxaS coding region have been 
demonstrated by both RNase protection (Zakany et al., 1988) and northern blotting 
(Zakany et al., 1988; Jeannotte et al., 1993); see Figure 7). While the longer transcripts 
contain an extended open reading frame which could add 110 amino acids to the protein 
predicted from the short transcript, it is unlikely that translation of this larger protein 
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Figure 7: Structure of the HoxaS locus. 
Genomic region surrounding the HoxaS gene is shown. Arrow indicates location 
of proximal promoter. The short transcript generated from this promoter is the 
most likely to produce functional protein (Zakany et al. 1988; Jeannotte et al. 
1993). Longer transcripts have not been fully mapped but likely originate 
upstream of the Hoxa6 locus and may be run on products. Longer transcripts are 
unlikely to produce functional protein due to multiple initiation and stop codons 
in all frames. However, any protein that is produced from the longer transcripts 
could contain an additional 111 amino acids encoded by the longer open reading 
frame which begins 5' of the proximal promoter (C.K.Tuggle, unpublished data). 
Protein coding region is shaded, homeobox is in black. Restriction enzyme 
recognition sites: RI - EcoRI, X- Xhol, H - Hindm. 
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occurs, due to lack of a strong translation initiation consensus sequence and presence of 
multiple short open reading frames and stop codons in all frames upstream of the putative 
initiation site (Tuggle, unpublished data). Jeannotte and colleagues (Jeannotte et al., 1993; 
Aubin et al., 1998) have demonstrated that the short and long transcripts overlap partially, 
so that the entire pattern is broader than either one alone. While it is not possible to detect 
the short transcript alone if other transcripts are also present, these researchers have shown 
that the most anterior portions of the HoxaS RNA expression pattern do not include long 
transcript expression (Aubin et al., 1998). Further, regions which have been demonstrated 
to express only the short transcript include the structures which are most affected in the 
HoxaS knockout animals, such as trachea, and prevertebrae 3-9, corresponding to adult 
vertebrae C3-T2, (Jeannotte et al., 1993; Aubin et al., 1998). Of specific interest in regard 
to the gut phenotype observed in work described in this thesis, it appears that the short 
transcript is strongly expressed in a punctate pattern in the gut wall late in gestation, a 
pattern thought to indicate expression in the developing enteric plexus (Aubin et al., 1999; 
Pitera et al., 1999) although it could also be interpreted as expression in the developing 
longitudinal muscles of the gut wall (Dony and Gruss, 1987; Aubin et al., 1999; Pitera et 
al., 1999). 
The HoxaS gene has been disrupted through neomycin insertion into the homeobox 
via homologous recombination in ES cells (Jeannotte et al., 1993). Analysis of the HoxaS 
knockout phenotype has so far been focused on skeletal, lung, and gut effects. HoxaS 
heterozygous and homozygous knockouts show transformations of vertebrae between the 
third cervical and second thoracic vertebrae (Jeannotte et al., 1993), many homozygotes die 
as a result of respiratory tract occlusion and disorganization of lung structure (Aubin et al., 
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1997; Aubin et al., 1998) and surviving homozygotes display a general failure to thrive as a 
result of disrupted gut morphogenesis (Aubin et al., 1999). It remains an open question 
whether neural structures are also disrupted in these mutants, or if other HoxS paralogues 
compensate for redundant functions of these genes. 
Ubiquitous overexpression of HoxaS under a chicken (3-actin promoter shows 
>70% perinatal lethality, although the specific cause of lethality is not understood. Specific 
overexpression in the anterior spinal cord (posterior myelencephalon to approximately the 
level of pv3) under the control of the Hoxd4 promoter also produces a high degree of 
perinatal lethality in F0 transgenics (54%; C.K. Tuggle. personal communication), which 
supports the argument that although HoxaS transcripts are seen in this region of the spinal 
column, functional Hoxa5 protein may not be present there. Further, an increase in 
perinatal lethality is not seen in transgenic animals carrying a similar construct in which a 
four base pair frameshift mutation in the homeobox leads to production of a nonfunctional 
protein (C.K. Tuggle, personal communication). 
In the work reported here, we have overexpressed HoxaS in a subset of the 
endogenous pattern of HoxaS mRNA expression. Initial data using reporter gene 
constructs (see Appendix) under the control of proximal HoxaS regulatory elements 
displayed a specific pattern of transgene expression which was a subset of the expression 
pattern of RNAs encoding endogenous HoxaS. Notably, the areas of transgenic expression 
include some of the regions in which the short transcript has been demonstrated to be 
present, indicating that we are overexpressing HoxaS in regions where endogenous 
functional protein is likely to be produced, in contrast to a situation where the transgenic 
product would be ectopic to the normal pattern of protein function. Expression of this 
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transgenic construct is limited to the dorsal portion of the brachial spinal cord (Chapter 2) 
and the gut, potentially the ENS (Chapter 3). The adult phenotype of these animals 
indicates defects in sensory portions of the peripheral nervous system at the level of the 
forelimbs (Chapter 2), and suggests potential defects in ENS function in the gut (Chapter 
3). 
Targets of Homeobox Proteins 
Identification of targets of homeobox gene action is one step in the process of 
understanding the overall function of these genes. A number of different approaches can 
provide information regarding targets of homeobox genes. In particular, I will discuss the 
application of several approaches to identification of targets of Hoxa5. Because of the high 
degree of conservation of homeobox sequence across species, the question was raised 
whether the mouse HOXA5 protein could substitute functionally for sex combs reduced 
(Scr), its homologue in Drosophila (Zhao et al., 1993). Despite the fact that while the 
homeobox itself is highly conserved, the rest of the protein coded for by homologous 
homeobox proteins is quite different between Drosophila and mouse. However, 
ubiquitously overexpressed HOXA5 protein generates the same homeotic transformations 
and other phenotypic effects in Drosophila as does ubiquitously overexpressed Scr, 
including activation of downstream targets of Scr such as forkhead (Jkh) (Zhao et al., 
1993). Further work indicates that three specific, highly conserved functional regions of 
the protein are responsible for these effects: the homeobox itself, the pentapeptide motif 
(usually YPWMR), which is thought to be required for correct binding to cofactor 
molecules, and an octapeptide motif near the N-terminus of the protein (Zhao et al., 1996). 
It is reasonable to expect that downstream targets of HoxaS function in the mouse might be 
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homologous to targets of Scr, implicating murine forkhead related proteins such as the 
HNF family as potential HoxaS targets. Further support of this suggestion is found in the 
misregulation of HNF-30 in the lungs of HoxaS knockout mutant animals, a defect which 
is associated with reduced production of surfactant protein and is likely to impact perinatal 
mortality in these animals (Aubin et al., 1997). 
Another approach to identification of target genes is the analysis of regulatory 
regions of candidate genes. Identification of HoxaS consensus binding sites through 
sequence analysis provides preliminary evidence for a role of HOXAS protein in 
transcriptional regulation of expression of such genes. This approach has identified the 
neurofilament protein peripherin as a potential HoxaS target (Foley et al., 1994). More 
concrete evidence for a functional interaction between HoxaS protein and putative binding 
sites can be gathered by in vitro experiments such as gel shift and DNase protection assays, 
or in tissue culture by co-transfection of a HoxaS expression vector along with a second 
construct containing the regulatory elements fused to a reporter gene. This more detailed 
approach has been successful in demonstrating a probable role of HOXAS in activation of 
the p53 tumor suppressor gene (Raman et al., 2000a), the progesterone receptor (Raman et 
al., 2000b), and thepcp-2(L7) Purkinje cell specific promoter (Sanlioglu et al., 1998). 
The use of inducible expression systems in cell culture has made possible tests to 
detect increased transcription of target genes at various time points after addition of the 
molecule in question. This and the previous approach both require careful selection of 
candidate genes, based on expression patterns or predicted function of the candidates. One 
likely group of candidates for regulation by HoxaS are other homeobox genes, and analysis 
of transcription of several members of the Hoxa and Hoxb complexes after induction of 
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Hoxa5 gene expression in tissue culture indicates that many of the homeobox genes can be 
upregulated by HoxaS (Lobe, 1995). However, the relevance of these findings has not been 
well characterized in vitro, and it is likely that the presence of cofactors and varying ratios 
of the different Hox proteins mediate auto- and cross-regulation of Hox genes during 
normal development. 
Defects in the expression of peripherin, a neural intermediate filament protein 
primarily of the peripheral nervous system, might be expected to undermine the structure of 
the elements of the peripheral nervous system affected, and thus misregulation of 
peripherin during development may play a role in correct limb innervation. In addition, the 
phenotype of our transgenic animals indicates that defects in pain transmission or 
processing pathways may be affected in these animals. Initial microarray expression 
analysis implicated a member of the tachykinin family, preprotachykinin B, as a putative 
factor which is misregulated in transgenics. The processed gene product, neurokinin-B, has 
been demonstrated to play roles in both gut motility (Kangawa et al., 1983; Kuwahara and 
Yanaihara, 1987; Chang et al., 1999; Yunker et al., 1999) and transmission of pain signals 
(Couture et al., 2000; Linden et al., 2000) and thus changes in expression of 
preprotachykinin B could underlie these aspects of our HoxaS transgenic phenotype. 
Peripherin 
Intermediate filaments are proteins present in most higher eukaryotic cells, and are 
known to have essential roles in cytoskeletal structure, and in dynamic events of cell 
division or growth of cell processes (Steinert and Roop, 1988). Peripherin, a member of 
the type-Hi intermediate filament family, is expressed primarily in the peripheral nervous 
system (PNS) (Parysek and Goldman, 1988; Escurat et al., 1990; Troy et al., 1990), and 
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appears to play an important role in the growth, development, and regeneration of the PNS 
(Oblinger et al., 1989; Gorham et al., 1990; Troy et al., 1990). Transgenic mice 
overexpressing peripherin in motor neurons show a late onset, selective motor neuron 
disease similar to human ALS (Beaulieu et al., 1999). Regulatory elements controlling the 
expression of peripherin have been identified by several groups (Belecky-Adams et al., 
1993; Lecomte et al., 1999) and references therein). Among these elements is a highly 
conserved HoxaS consensus binding sequence in the 5' flanking region of the human 
peripherin gene (Foley et al., 1994). 
Pain transmission and tachykinins 
Sensory neural pathways can be simply described as pathways that collect signals 
from peripheral receptors and transmit them via sensory afferent neurons to the CNS for 
processing. The majority of the sensory system does function in such a manner, and these 
sensory afferent (incoming from periphery) pathways are primarily located in the dorsal 
and lateral regions of the spinal cord. However, a significant subset of sensory neurons 
also function as sensory efferent (outgoing to periphery) neurons, which are able to release 
signaling molecules from their peripheral terminals. These sensory efferent pathways are 
tachykinergic, mediated through members of the tachykinin family at central and peripheral 
nerve endings. The best understood sensory efferent pathways are mediated through 
Substance P (SP) and the neurokinin-1 receptor (NK-1), and are sensitive to capsaicin 
treatment (Rogers et al., 1997). Sensory efferent pathways have been studied in trachea 
and respiratory tract, bladder (Maggi et al., 1987), and gastric mucosa, and have also been 
shown to be important regulators of the skin inflammatory response (Szolcsanyi, 1988). 
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Pain transmission (nociceptive) pathways in mammalian systems have been much 
studied but are still relatively poorly understood. Currently, it is fairly well accepted that 
noxious stimuli at the periphery stimulate one of two primary nociceptive fibers: 
unmyelinated C fibers carry signals relatively slowly and indicate poorly localized or 
"aching" pain while A delta fibers are thinly myelinated and rapidly transmit sharp, well 
localized pain signals. In both cases, the primary fiber synapses with intemeurons in the 
dorsal hom of the spinal cord, sending the pain signal on for processing in the midbrain. 
The specific locations of the synapses within the dorsal hom depend on the specific type of 
sensory neuron and the specific pathway within which they function (Figure 8). Some of 
these pathways are also activated by noxious temperatures (Steward, 2000). 
The mammalian nervous system also includes circuits designed to limit pain 
signaling pathways (Figure 8). Intemeurons in the dorsal hom release opiate peptides and 
limit the amount of pain neurotransmitter released by primary sensory neurons (Jessell and 
Iversen, 1977). A number of endogenous opiate peptides have been discovered, and it is 
thought that each activates one of the three classes of opiate receptors (Quirion, 1984; 
Konig et al., 1996) (Zadina et al., 1999). While the expression patterns of each class of 
receptor have been relatively well studied (Zagon, 1987; Mansour et al., 1994; Zhu et al., 
1998), the specific role of each is not well understood. Exogenous opiate compounds such 
as morphine bind to one or more of these receptors and their pain relief properties provide 
evidence of agonist activity. Butorphanol is one such exogenous opiate with strong anti­
nociceptive effects (Hoskin and Hanks, 1991) and this drug is widely used as a 
postoperative analgesic in small animals (Pascoe, 2000). Studies of the specific mode of 
action of this drug have been complicated by the fact that it shows a complex profile in 
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Primary afferent sensory neurons enter through the dorsal root and 
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"Functional Neuroscience", 2000. Springer-Verlag. Figures 12.2, 
p.213 and 12.8, p.220. Used with permission. 
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animal tests, and the results are influenced by the species studied and the mode of 
administration (Levine et al., 1994; Butelman et al., 1995; Gamer et al., 1997; 
Wongchanapal et al., 1998). However, it is likely that butorphanol and other opioid 
analgesics produce pain relief by limiting the ability of tachykinins to transmit a pain signal 
in the dorsal spinal cord. Descending pathways acting via serotonin (5-HT) regulate 
release of opiate intemeurons (Steward, 2000) and allow an additional level of control of 
transmission of pain signals. 
The best studied tachykinin is Substance P (SP), a pain neurotransmitter localized 
to perikarya in dorsal root ganglia (DRG), the processes of primary sensory neurons 
(mainly small diameter fibers including C fibers), and fibers of the enteric nervous 
(Ribeiro-da-Silva and Hofkelt, 2000). Knockout studies of SP (Cao et al., 1998) or its high 
affinity receptor, NK-1 (DeFelipe et al., 1998) demonstrate the role of SP signaling in 
transmission of signals of intense pain. Release of SP in the dorsal hom of the spinal cord 
is thought to be regulated by release of opioids from intemeurons (Steward, 2000) (see 
figure 7c), and this perspective is supported by the fact that at least one class of endogenous 
opioids (enkephalins) are localized to intemeurons of the dorsal homs and that an opiod-
mediated antinociceptive mechanism is upregulated in transgenic mice expressing 
increased levels of SP in the spinal cord (McLeod et al., 2000). In a unique twist, while 
most neural fibers only transmit signals in one direction, SP and other tachykinergic fibers 
play both afferent and efferent roles. The efferent role of these neurons is mediated 
through the release of SP or another tachykinin from peripheral nerve endings, where the 
molecule is involved in inflammation and other peripheral responses (Szolcsanyi, 1988; 
White, 1997). 
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CHAPTER II: HOXA5 OVEREXPRESSING 
TRANSGENIC MICE SHOW STRUCTURAL DEFECTS OF 
THE SUBSTANTIA GELATINOSA ALONG WITH MOTOR 
AND SENSORY DEFECTS OF THE FORELIMB 
A paper to be submitted to the Journal of Comparative Neurology 
K. E. Krieger, I. Sonea, M. Abbott, P. Lueth, and C. Tuggle 
Abstract 
Mutation of murine HoxaS has shown that HOXAS controls lung, gastrointestinal 
tract and vertebrae development. HoxaS is also expressed in the spinal cord, yet no central 
nervous system phenotype has been described in the HoxaS knockout mice. To identify the 
role of HOXA5 in the developing spinal cord, we produced transgenic mice that 
overexpress HoxaS mRNA in the brachial (C4-T2) spinal cord. Multiple founder 
transgenic mice and one established transgenic line (HoxaSSV2) show skin ulceration of 
the chest and forelimbs, in regions innervated by C4-C7 sensory neurons. In HoxaSSVl, 
transgenic mice also display forelimb specific motor and sensory defects. Transgenics 
cannot support their body weight in a hang test, and forelimb strength is decreased in a 
weight pull test. However, Rotarod performance was not impaired in HoxaSSV2 mice. 
HoxaSSVl mice also show a delayed forelimb response to noxious heat, although the 
hindlimb response time was normal. Interestingly, administration of an analgesic 
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eliminated the hang test defect, indicating that pain pathways are involved in this 
behavioral defect. The morphology of transgenic cervical (but not lumbar) spinal cord is 
highly aberrant. Nissl staining indicates Laminae 1 and 2 of the dorsal horn appear to be 
absent or severely reduced in the C4-C7 region only, overlapping with the set of sensory 
neurons innervating affected skin regions. The distribution of cells and axons 
immunoreactive for substance P and neurokinin-B as well as the neurokinin-1 and 
neurokinin-3 receptors were also dramatically altered only in transgenic brachial spinal 
cord, similar to the morphological changes seen. The general pattern of substance P 
immunoreactivity in axons innervating transgenic footpads and in dorsal root ganglia 
appeared to be normal. We conclude that, in this transgenic line, the development and 
possibly correct specification of dorsal intemeurons involved in nociception is disrupted. 
Introduction 
Patterning mechanisms that allow correct innervation of peripheral structures, as 
well as the mechanisms that give rise to the complex interconnections between peripheral 
nervous system (PNS) and central nervous system (CNS) and within the CNS (Steward, 
2000) are poorly understood. Three general classes of neuronal types compose these 
interconnections: intemeurons, which are entirely located within the central nervous 
system and modulate signaling or carry signals within the CNS; motor neurons, whose cell 
bodies are located within the CNS but whose axons extend into the periphery and innervate 
appropriate targets; and sensory neurons, the cell bodies of which are located in peripheral 
ganglion structures, and which send processes to both peripheral and central targets. 
Formation of appropriate central targets for primary afferent (sensory) neurons appears to 
be under the control of at least two sets of patterning systems, those which define dorsal-
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ventral identity within the neural tube, and global systems that determine location along the 
anterior-posterior axis. These systems operate independently (Simon et al., 1995; Lumsden 
and Krumlauf, 1996), although both are required for correct formation of neural structures. 
Ventral patterning, including specification of motor neuron identity, within the 
neural tube is initiated by sonic hedgehog (Shh) signaling from the notochord (and 
subsequently, the floorplate of the neural tube itself) (Tanabe and Jessell, 1996; Pfaff and 
Kintner, 1998), followed by diversification of motor neuron subtypes (Lumsden, 1995; 
Pfaff and Kintner, 1998; Eisen, 1999). Motor neuron subtypes can be relatively easily 
identified based on the location of their soma within the ventral horn of the spinal cord as 
well as the initial trajectory and ultimate target of their axons. Diversification of 
populations of intemeurons in the dorsal portions of the neural tube is more difficult to 
assess, because of the diversity of connections formed by these cells and the much higher 
density of cell types within the dorsal horns. Dorsal patterning is known to be affected by 
members of the bone morphogenetic protein {BMP) and Pax families (Tanabe and Jessell, 
1996; Spôrle and Schughart, 1997), but until recently the signals were thought to originate 
primarily in the dorsal epidermis and specific details of the process remained unclear. 
Recent work has clearly demonstrated that, in addition to signaling from the dorsal 
epidermis, signals (including BMP' s) from the roofplate of the developing neural tube are 
required for correct specification of unique classes of dorsal intemeuron fates (Lee et al., 
2000; Manzanares and Krumlauf, 2000; Millonig et al., 2000). However, while distinct 
classes of intemeurons are also identifiable in the adult spinal cord (Steward, 2000), it 
remains an open question whether there is a direct correlation between dorsal intemeuron 
identity during development and laminar structure of the dorsal horn in the adult. 
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One family of genes implicated in neural patterning is the Hox genes, a class of 
homeobox containing genes. The homeobox is a well-conserved 180 bp DNA element, 
which encodes a protein motif with DNA binding ability. This motif has been identified in 
a large number of transcription factors, many of which have been implicated as "master 
switch" factors in fate specification and pattern formation. Most vertebrates contain up to 
four copies of each Hox gene, raising the possibility of compensation for loss of a single 
gene. In part because of compensatory mechanisms, the specific function of many 
vertebrate homeobox genes remains unclear, although disruption of their distinct spatial 
and temporal expression patterns causes a wide range of developmental defects, including 
(but not limited to) homeotic transformations of skeletal structures (LeMouellic et al., 
1992; Jeannotte et al., 1993; Horan et al., 1995; Boulet and Capecchi, 1996), as well as 
defects in neural structures, as described below. 
The overlapping pattern of Hox gene expression in the vertebrate hindbrain led to 
the elucidation of the "Hox code", whereby the anterior-posterior identity of temporary 
compartments known as rhombomeres is apparently specified by the specific pattern of 
Hox genes expressed there (Hunt et al., 1991b; Hunt et al., 1991c; Chisaka et al., 1992; 
Studer et al., 1996; Gavalas et al., 1997; Gavalas et al., 1998). Evidence for this 
interpretation includes the unique pattern of expression of Hox genes in each rhombomere 
(Hunt et al., 1991a; Hunt and Krumlauf, 1991), the fact that these expression patterns are 
established prior to formation of the rhombomeres (Wilkinson et al., 1989), and the later 
restriction of expression boundaries of Hox genes to the boundaries between rhombomeres 
(Wilkinson et al., 1989; Zhang et al., 1994). Further, several groups have demonstrated 
that misexpression of a single Hox gene (Zhang et al., 1994; Bell et al., 1999; Barrow et al., 
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2000) or the simultaneous mutation of two Hox genes (Studer et al., 1998; Davenne et al., 
1999; Rossel and Capecchi, 1999; Barrow et al., 2000) interfere with correct specification 
and development of rhombomeres. This misspecification of rhombomeric identity leads to 
abnormal patterns of cranial neural crest migration and abnormal formation of cranial 
nerves (Studer et al., 1996; Bell et al., 1999). Other studies have indicated that Hox genes 
play key roles in patterning of cranial nerves (Carpenter et al., 1993; Mark et al., 1993; 
Barrow and Capecchi, 1996; Goddard et al., 1996; Gavalas et al., 1997) and specification 
of branchiomotor neuron identity (Jungbluth et al., 1999), although both of these effects 
may be secondary to rhombomere patterning. Evidence also suggests that at least some 
Hox genes control dorsal-ventral patterns of neuronal development, in addition to the 
anterior-posterior identity of each rhombomere (Davenne et al., 1999). Rhombomeric 
identity appears to play a role in patterning of sensory nuclei (Lawrence and Struhl, 1996) 
and motor neuron specification (Lumsden and Krumlauf, 1996; Bell et al., 1999; Jungbluth 
et al., 1999). However, the most revealing studies have focused on motor neuron fates, as 
identification of motor neuron identity is more straightforward than that of sensory 
neurons. 
It is also probable that Hox genes play a role in the regionalization of more 
posterior regions of the nervous system (for review, see Krumlauf et al 1993). However, 
identification of homeotic alterations in these structures has been complicated by a lack of 
unique landmarks within the structure of the spinal cord and by the metameric nature of the 
peripheral nervous system. Despite these difficulties, Hox genes have been shown to be 
important for specification of segmental identity in the spinal cord (Carpenter et al., 1997; 
Tiret et al., 1998), formation and projection of spinal and peripheral nerves (Rancourt et al., 
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1995; Rijli et al., 1995; Fanarraga et al., 1997; Tiret et al., 1998; vandenAkker et al., 1999), 
and development of peripheral nervous structures of the hindlimb (delaCruz et al., 1999; 
Wahba et al., 2001). For example, Hoxc8 knockout mice display a prehension deficit of the 
forelimb that is interpreted as a defect in the specification of motor neurons in the brachial 
region, specifically in spinal segments C7, C8, and Tl, resulting in a lack of innervation of 
forelimb muscles (Tiret et al., 1998). 
HoxaS (formerly Hox 1.3) mRNA is expressed in embryonic structures of 
mesodermal origin or induced by the mesoderm (Dony and Grass, 1987), including somites 
(and derivatives such as vertebrae), spinal cord, autonomic ganglia, lung, stomach, gut, and 
kidney. In situ hybridization experiments first detect HoxaS transcripts in the mesoderm, 
and demonstrate that subsequent RNA expression persists during organogenesis and 
strengthens in the brachial spinal cord (Dony and Grass, 1987; Gaunt et al., 1988). The 
anterior limit of HoxaS mRNA expression in the el 2.5 embryonic spinal cord is the 
posterior myelencephalon, while the anterior limit in the paraxial mesoderm is the third 
cervical prevertebrae (Gaunt et al., 1988; Jeannette et al., 1993). As might be expected 
from the general patterns of the enteric Hox code described earlier, HoxaS mRNA is 
specifically expressed in the developing midgut and derivatives which include trachea, 
lung, stomach, and anterior small intestine, with an additional posterior region of 
expression in the cecum and adjacent large intestine (Pitera et al., 1999). It is notable that 
the lung, stomach, and cecum are all regions of rapid cell growth and expansion, in 
comparison to oesophagus and small intestine, which have a much narrower diameter in the 
adult animal (Pitera et al., 1999) providing more evidence that HoxaS may exert its effect 
by regulation of cell proliferation. However, the HoxaS mRNA pattern includes expression 
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of at least four transcripts (Jeannette et al., 1993). Of these, the 1.8kb short transcript is the 
most likely to encode functional HoxaS protein, as the longer transcripts include upstream 
start and stop codons in all frames (Tuggle, unpublished data). In situ hybridization using 
probes specific for either the long transcripts or for all transcripts indicate that the 1.8kb 
transcript is the only one present in mesodermal regions, including all tissues that display 
effects in the Hoxa5 knockout animal such as lung and cervical and thoracic prevertebrae 
(Jeannotte et al., 1993; Aubin et al., 1998). Further data indicate that the short transcript is 
also expressed in the gut wall in a pattern consistent with expression in the developing 
enteric plexus (Aubin et al., 1999; Pitera et al., 1999). 
Despite strong expression in neural structures such as the spinal cord and the enteric 
plexus, a specific function of HoxaS in neural patterning has not yet been demonstrated. 
Most studies on Hox patterning of the peripheral nervous system have focused on motor 
neuron patterning and function, with the exception of studies of Hoxb8, which indicate that 
presence of Hoxb8 plays a role in survival of spinal dorsal root ganglia, which consist of 
sensory neural cell bodies (Fanarraga et al., 1997; vandenAkker et al., 1999). However, 
even in these studies, there has not been a pattern of sensory deficits reported as a result of 
Hox gene mutation or misexpression. 
In this work, we have overexpressed HoxaS within the normal region of HoxaS 
mRNA expression. Transgenics were produced which carry a construct containing the 
HoxaS coding sequence under control of a HoxaS promoter fragment known to direct 
expression to the brachial spinal cord. We noted skin ulcerations in regions innervated by 
sensory neurons from the C4-C7 levels in multiple transgenic founder animals and 
tmasgnics of one characterized line. Transgenic animals from this highly expressing line 
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(line HoxaSSVl) were analyzed for expression of the transgene by RT-PCR and in situ 
hybridization, in addition to tests designed to measure motor strength and coordination and 
sensory response to a thermal stimulus. Immunohistochemical and detailed microscopic 
analysis of neural structures which express transgenic HoxaS identified severe defects in 
brachial dorsal spinal cord. The pattern of these defects correlated with both the transgene 
expression pattern and anterior-posterior location of sensory neurons innervating the skin 
regions affected by ulcerations, strongly indicating HoxaS over-expression causes the 
sensory defects observed in this transgenic line. 
Methods and Materials 
Construction of Transgene for Microinjection 
The 4.3kb Accl-Hindm HoxaS genomic fragment was cloned into plasmid 
pCKT17-2 (described in Tuggle et al 1990) at the Sail, HindlH sites to generate 
pCKT35-2. An RNA tag was insterted in the 3' untranslated region by ligating the 234bp 
BclI-BamHI fragment containing the SV40 poly-A signal from pBR372 into the Bell site 
near the HoxaS poly-A signal to create p35-2SV. Linear DNA for microinjection was 
released by NotI digestion of p35-2SV, and the 4.5kb fragment purified by gel 
electrophoresis and electroelution, phenol and phenol/CHCb extraction, and ethanol 
precipitation. Fragments were resuspended in TE and dialyzed against injection buffer 
(5mM Tris pH 8.0,0.lmM EDTA; total of 4 changes of 1000 volumes for at least 12 
hours each at 4°C). Purified fragment was diluted to a final concentration of 2-3 ng/ul in 
injection buffer and filtered through a 0.22 micron filter prior to injection. 
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Microinjection and Identification of Transgenics 
B6CBAF1/J mice were generated by crosses between C57B1/6J females and CBA/J 
males. Fertilized eggs for microinjection were obtained by mating superovulated 
prepubescent F1 females with mature F1 males. Pseudopregnant females for oviduct 
transfer were generated by mating with vasectomized adult males. Embryo culture, 
microinjection, and oviduct transfer were performed as described (Hogan et al., 1994) 
Because of the likelihood of perinatal effects of the transgene, and because of the 
tendency of mice to cannibalize dead pups, births of FO embryos were carefully observed 
and pups which were bom dead or which died soon after birth were placed immediately at 
-20°C. Tail DNA was analyzed by Southern blotting and PGR to identify transgenic 
animals. Adult transgenic animals were mated to generate lines for detailed analysis. Due 
to the mixed background genetics and variability in some observed phenotypes, transgenic 
lines were backcrossed to 129SvEv/Tac inbred mice and histological, anatomic, and 
behavioral phenotypes analyzed at the fifth or subsequent generations. 
Expression of the HoxaS transgene 
Embryos for expression analysis were collected from timed pregnancies at the fifth 
or sixth generation of backcrossing to the 129SvEvTac strain. 
RNA Isolation 
Timed embryos or newborn tissues were collected and flash frozen in liquid 
nitrogen and stored at -70°C until isolation of RNA. Frozen tissues were homogenized in 
Trizol reagent (Gibco BRL) and the homogenate transferred to 1.5ml microfuge tubes. 
RNA was isolated as described in the Trizol protocol, resuspended in RNase free H2O 
and quantitated by spectrophotometry. Purity of the RNA was assessed by dilution in 
5mM TrisHCl, pH 7.5 and reading A260/A280 ratios. 
RT-PCR 
Expression of all Hoxa5 transcripts {HoxaS), transgenic transcripts (SV), and 
expression of a positive control gene (Pact (p-actin)) were identified by RT-PCR using 
either the Advantage-One Step RT-PCR kit from Clontech or Pharmacia's First Strand 
cDNA synthesis kit and subsequent PCR. For the One Step kit, 1 jig {Hoxa5 or Sv) or 
0.1 (ig (Pact) total RNA was reverse transcribed and amplified in a total volume of 25 gl 
for each gene. With the Pharmacia kit, 5 jig total RNA was reverse transcribed in a total 
volume of 15 jil. Either 2 gl {Hoxa5 or Sv) or 0.1 gl (Pact) of the resulting cDNA was 
amplified by PCR in a final volume of 25 gl, containing 45mM Tris (pH8.3), 68mM 
KCL, 15mM DTT, 9mM MgCh, O.OSmg/ml BSA, and 1.8mM each dNTP. Pact primers 
were included in the Clontech kit. HoxaS primer sequences were: 5-CCGTGAGCGAA 
CAATTCAGG-3 ' and 5'-TCAGGTAGCGGTTGAAGTGG-3 '. Sv specific primer 
sequences were: 5'- GCGCAAGCTGCACATTAGTCAC-3' and 5-CCTCTACAAAT 
GTGGTATGGCTGATTATG-3'. Products were electrophoresed on 1.4% agarose gels 
and visualized by staining with ethidium bromide. 
Production of Templates and In Vitro Transcription 
Plasmids containing either a 51 Tbp HoxaS Sacl/Bgll fragment (pi 7-2A5) or the 
240bp Sv40 BamHI fragment (p5-7) were linearized by restriction digestion with EcoRI. 
The restriction enzyme was removed by Proteinase^ digestion, phenol :chloroform 
extraction, and two EtOH precipitations. After air drying, the pellet was resuspended in 
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25ul RNase-free H2O. These purified linear fragments were quantified by agarose gel 
electrophoresis and stored at -20°C. 
In vitro transcription was performed using the MaxiScript kit from Ambion, 
following the manufacturer's protocol. Linear template prepared as described above was 
transcribed with T7 RNA polymerase to generate labeled antisense transcripts from either 
HoxaS exon 1 (pl7-2A5) or the transgene-specific Sv tag (p5-7). 
In Situ Hybridization 
In situ hybridization was performed essentially as described (Jaffe et al., 1990). 
Dissected embryos were fixed in 4% paraformaldehyde at 4°C for 1-6 days, embedded in 
paraffin, and sectioned at 4-6gm. Sections were deparaffinized in xylene and rehydrated 
in a graded alcohol series. After proteinase K digestion, post-fixation, and acetylation, 
sections were dehydrated, air dried, circled with PAP pen and prehybridized for 4 hours 
at room temperature. Labeled probe was preheated at 85°C for one minute then chilled 
on ice and added at 50ng/ml, and hybridization was carried out overnight at 42°C. 
Posthybridization washes were as follows: one hour at 50°C in 50% formamide/lxSSC, 
30 min at room temperature in O.SxSSc, RNase digestion for 45 min at room temperature 
in 3.5xSSC with 50ug/ml RNase A, 2x 10 min washes in 3.5xSSC and a final series of at 
least three changes of 0. lxSSC at 65°C for a total of two hours. After autoradiography, 
slides were dipped in Kodak NBT2 emulsion and exposed at 4°C for 8-11 days. Slides 
were developed, counterstained lightly in o-Toluidine blue, and mounted in Crystalmount 
aqueous media. Bright and dark field images of tissue sections and bright field images of 
hematoxylin and eosin stained near adjacent sections were captured at the Iowa State 
University Image Analysis Facility. 
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Behavioral Analysis of Transgenic Lines 
Motor Performance Tests 
Several tests of motor performance were designed to test forelimb and grasp 
strength (bar hang, bar climb, and weight pulling tests) or motor coordination (rotarod). 
These tests are modifications of previously described examples (Cabe et al., 1978; Frances 
et al., 1995; Gerlai et al., 1996; Andres et al., 1997). Tests were administered at 35-40 days 
of age except as noted, and body weight of each animal was recorded on the day of testing. 
Animals were tested on an accelerating rotarod on two consecutive days. Animals 
were weighed and weight pull and bar hang tests were administered on the second day, at 
least one hour after the rotarod test. 
In the forelimb bar hang test, mice were held so that only their forelimbs contacted 
an elevated metal bar 2 mm in diameter. When released, wild type mice grasp the bar with 
their forelimbs and pull their hindlimbs up to contact the bar. Each animal was given three 
opportunities and scored 0 or 1 based on their ability to hang from the bar using only their 
forelimbs; 0 - unable or refuses to perform the test, 1 - successfully pulls up to bar. 
The weight pulling test provides a more quantitative measurement of forelimb 
strength. Each animal was given a total of three opportunities to grasp a 2 mm diameter 
metal bar attached to a strain gauge type scale, and then slowly pulled away from the scale. 
Maximum strength of pull (typically the point at which the animal released the bar) was 
recorded for each trial, and average pull for each session was calculated. 
58 
Sensory Analysis and Response to Analgesic Drug 
A standard hot-plate assay (Carter, 1991) was used to measure nociceptive 
responses. Animals were tested at 42-65 days of age. Animals were weighed and tested on 
the bar hang and weight pull tests as described above. Each animal was placed on a 56°C 
hotplate and latency to hindlimb flick response and forepaw licking recorded to the nearest 
second. Each animal was given a subcuticular injection of either vehicle only (lx PBS) or 
butorphanol (Torbugesic; 2mg/kg). One hour after dosing, animals were again tested on 
the bar hang and weight pull tests, then placed on the hotplate and response latency 
recorded to the nearest second. For all tests, the maximum amount of time a mouse was 
allowed to remain on the hotplate was 90 seconds. 
Anatomical. Pathological, and Histochemical Analysis 
Gross Anatomical Observations 
Animals were euthanized with COz and fixed briefly in 95% ethanol. Shoulder and 
forelimb musculature was observed by eye and with a dissecting microscope after removal 
of the skin. Gross dissection of the brachial region to expose the brachial plexus included 
removal of the pectoral muscles (deep and superficial) and blunt separation of the biceps 
brachii and triceps brachii. 
Skeletal Preparations 
Skeletal staining of adult and newborn animals was done essentially as described 
(Jeannette et al., 1993). Animals were euthanized with CO2 and frozen for storage until 
processing. Partially thawed carcasses were skinned and eviscerated. After incubation in 
95% ethanol for at least 24 hours, carcasses were stained at 37°C for one week in alcian 
blue staining solution (0.015% Alcian blue in 1 vol. glacial Acetic acid and 4 vol. 95% 
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ethanol; prepared fresh the day of use). Carcasses were rinsed for 1 hour in 95% ethanol 
and transferred to 2%KOH for clearing. Newborns were incubated for 24 hours, adults for 
one week. Partially cleared carcasses were stained with 0.015% alizarin red in 1% KOH 
for four hours. Clearing was completed in 20% glycerol/1% KOH; the amount of time 
required for complete clearing ranged from 2-4 days for newborns to more than one week 
for adults. Stained and cleared skeletons were transferred into 50% glycerol/50% ethanol 
for storage, using several changes over a week or longer to completely remove traces of 
KOH. 
Histopathology 
Necropsy was performed by Iowa State University Laboratory Animal Resource 
veterinary staff on animals displaying ulcerations or sudden unexplained death. Unaffected 
pairs of age and sex matched transgenic and nontransgenic animals were also submitted for 
pathological analysis. Because of the ulcerations and occasional enlarged spleens of 
transgenic animals, skin and spleen samples were submitted to the Iowa State University 
pathology department for histological analysis. Forelimb musculature and bone structure 
were examined in formalin fixed, decalcified, paraffin embedded tissue sectioned at 5-
10gm and stained with trichrome or hematoxylin/eosin. Sections at three levels of the 
forelimb (the lower limb midway between the elbow and wrist, upper limb midway 
between the shoulder and elbow, or through the center of the scapula) were examined. 
Immunohistochemistrv and morphology of spinal cord 
Animals were perfused with Zamboni's fixative (4% phosphate buffered 
paraformaldehyde with 15% saturated picric acid) and spinal cords dissected out with 
dorsal root ganglia attatched. Tissues were cryoprotected in 25% sucrose at least 
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overnight, embedded in OCT and cryosectioned at lOum (for IHC) or 40um (for 
morphological analysis). For immunostaining lOum thick sections were rinsed twice in 
PBS, blocked in 0.3% H2O2 in PBS for 30 min, rinsed in PBS, blocked for 30 min (3% 
normal horse serum, 1% BSA, in PBS/TX (PBS +• 0.02% Triton X-100), pH7.4), 
transferred into primary antibody solution and incubated in a closed chamber overnight. 
Primary antibodies were anti-substance P (Peninsula; 1:20,000), anti-NKl-R (rabbit 652; 
Oncogene; 1:4,000), anti-NKB (Peninsula; 1:8,000) and anti-NK3-R (Novus; 1:1.000). 
Slides were rinsed 10 times in PBS/TX and incubated with secondary antibody (Jackson 
ImmunoResearch Laboratories; biotinconjugated affinity purified F(ab)' fragment of 
donkey anti-rabbit IgG, preadsorbed against mouse and rat: 1:2,500) for at least 2 hours. 
Following four rinses in PBS/TX, detection of the secondary was performed in 
streptavidin peroxidase (Jackson ImmunoResearch Laboratories; 1:1,000) in PBS + 0.5M 
NaCl for at least one hour. Slides were rinsed twice each in PBS/TX and NaAc, reacted 
with nickel enhanced DAB for 20 min, dehydrated and mounted in Permount. For 
morphological analysis, two transgenic and two nontransgenic adult spinal cords were 
serially sectioned at 40um and stained in cresyl violet using standard protocols. Dorsal root 
ganglia and spinal morphology were used to determine anterior posterior level of each 
section from CI to T1 for all four samples. 
Peripherin immunostaining of dorsal root ganglia 
Animals were sacrificed by overdose of Halothane, and spinal cord and dorsal root 
ganglia exposed by dorsal laminectomy and fixed in situ in 4% phosphate buffered 
paraformaldehyde. Dorsal root ganglia from C6 and LI were identified and removed, 
embedded in paraffin and sectioned at lOum. Tissues were deparafinized and rehydrated, 
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blocked in 1% H2O2 in BioGenex PBS, rinsed in BioGenex PBS, protease treated for 10 
min at room temperature in 0.1% Trypsin, 0.1% CaCh in 0.05M Tris pH 7.6, and blocked 
in 10% normal goat serum, 3% BSA in BioGenex PBS. Sections were incubated in 
Chemicon anti-peripherin primary antibody diluted 1:4000 in BioGenex diluent for 75 
minutes, followed by several rinses in BioGenexPBS and two changes of biotinylated goat 
anti-rabbit secondary antibody at 1:200. Slides were rinsed 5-6 times in BioGenex PBS, 
incubated in SS-HRP for 50 minutes, rinsed 5-6 times in BioGenexPBS, and reacted with 
cobalt/nickel-enhanced DAB (Pierce) for 15 minutes. Slides were counterstained very 
lightly in hematoxylin, dehydrated, and mounted in Permount. 
Results 
Transgenic mice overexpressing HoxaS show increased perinatal mortality and skin 
ulceration 
Transgenic animals were produced by standard microinjection of a 4.3kb HoxaS 
transgene encoding functional HOXA5 protein, and in which the mRNA was tagged by 
insertion of a 234bp SV40 poly-A signal in the 3' flanking DNA. The regulatory elements 
included in this transgene had previously been shown to direct expression of 0-
galactosidase to the brachial spinal cord (C4-T2; Zakany et al. 1988; Tuggle et al. 1990). 
Of 19 F0 transgenic animals identified, 42% died at or near birth (6/19) or prior to weaning 
(2/19). This high rate of lethality is likely to be due to HoxaS function, as transgenic 
animals expressing HoxaS under the control of a chicken (3-actin or human Hoxd4 
promoter also showed high perinatal lethality, but not when the animals carried a transgene 
encoding a protein truncated by a frameshift mutation in the homeodomain (C.K. Tuggle, 
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unpublished data). Two transgenic lines (HoxaSSVl and HoxaSSVl) were established 
from adult male FO's; neither of these lines shows perinatal lethality. Line HoxaSSV 1 was 
subsequently lost. Two other adult male FO's either did not transmit the transgene to 
progeny or showed poor plug performance and failed to produce progeny. The a5SV2 
founder and two additional FO animals showed severe ulceration of the chest and forelimbs, 
which developed between 2 and 7 months of age. The remaining adult animals were 
phenotypically normal and likely to be low copy or mosaic for the transgene, as they were 
negative by Southern blot, but positive by the more sensitive PCR technique. 
The ulcerative phenotype was more closely followed in line a5SV2. Adult a5SV2 
animals show a high frequency of ulceration of the chest and forelimbs, indicating that the 
FO ulcerative phenotype is transmissible. The location of the ulceration is typically limited 
to skin which is innervated from branches of spinal nerves C3-C6, which includes preaxial 
forelimb, ventral neck, and chest regions (Kent, 1987; Steward, 2000). In advanced cases, 
the extent of ulceration occasionally expands to include patches on the back of the animal 
(consistent with innervation of dorsal neck skin by the same spinal nerves) and to cover the 
entire lower forelimb, and some animals show patches of ulceration in a band extending 
along the side of the neck up toward the ear, a region probably innervated by spinal nerves 
C2/C3. In pathological analysis, necrotic tissue was observed around the ulcerative region, 
but no underlying structural defect of the skin was identifiable (J. Haynes, personal 
communication). Colony monitoring has shown that the frequency of ulceration increases 
when fur mite infestation of the colony is heavy, and that elimination or reduction of the fur 
mite load dramatically reduces ulceration in transgenic mice; non-transgenic mice never 
showed such skin ulceration. 
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In line a5SV2. transgene expression is more restricted than endogenous HoxaS 
As expected, RT-PCR data indicate that endogenous HoxaS gene expression in 
transgenic and nontransgenic embryos is already present at e9.5, the earliest embryonic 
time point we investigated (Figure 1 a and data not shown). While the HoxaS primer pair 
amplifies all transcripts from both the endogenous gene and the transgene, expression of 
the endogenous gene can be inferred by lack of amplification from the transgenic-specific 
SV primers at the same timepoint. By contrast, the transgene is seen to be strongly 
upregulated between e9.5 and el0.5 (Figure la). Both primer sets strongly amplify RNA 
from the brachial region of el 6.5 transgenic animals (Figure lb), and in the brachial spinal 
cord of newborns (Figure lc). Endogenous HoxaS expression is seen in these tissues from 
nontransgenic embryos, and in additional newborn tissues (lung, kidney, and gut), while 
transgene expression was only detected in the gut of transgenic newborns in addition to 
brachial spinal cord (Figure lc). 
In situ hybridization (ISH) data confirm this information and provide spatial 
expression information for both genes at el2.5. In sagittal sections, both genes are 
expressed strongly in the spinal cord (Figure 2a). In agreement with previous reports 
(Dony and Gruss, 1987), endogenous HoxaS transcripts are seen throughout the spinal cord 
with an anterior limit at the floor of the myelencephalon. In contrast, in a5SV2, the 
anterior limit of transgene expression is more posterior, at the level of the developing 
basoccipital bone/pvl (arrow in Fig 2a, d), and shows a clear posterior limit of expression 
at the level of pvlO (data not shown). Clear differences are seen between transgenic and 
endogenous tissue specificity at this stage: transgene expression is limited to the spinal 
cord and gut, while the endogenous pattern includes spinal cord, gut, lung, and trachea 
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Figure 1 : RT-PCR Detection of HoxaS and HoxaS S K Transgene Expression. 
Expression of Hoxa5 from RNA whole embryos at several days in early gestation 
(A) or from RNA from various tissues of el6.5 embryo (B) and newborn (C) 
animals demonstrates specific localized expression. HoxaS primer pair amplifies 
all transcripts including transgene; SV primer pair is transgene specific. 
Amplification of Bactin was used as a control to demonstrate integrity of RNA 
samples. h=head; bsc=brachial spinal cord; bv=brachial viscera; fl=forelimb; 
c=carcass; pfl=proximal forelimb; dfl=distal forelimb; hl=hindlimb; g=gut; 
l=lung; he=heart; li=liver; k=kidney; - indicates negative control. 
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Figure 2: ISH Expression Pattern of HoxaS transcripts at el 2.5. 
HoxaS RNA (all transcripts; B, E, F, G) and Hoxa5SV (transgenic only) RNA (C, H) 
detected by In Situ Hybridization and emulsion autoradiography on near adjacent 
sections of an HoxaSSVl transgenic (A-C, G, H) or nontransgenic (D,E, F) el2.5 
embryo. An H&E stained near adjacent section (A,D) is included for comparison. 
In sagittal sections, anterior is to the left, dorsal is down. In transverse sections, 
dorsal is up. Arrows indicate approximately the level of the basocipital bone/ 
prevertebrae 1. Arrowheads in B and E indicate lung (1) or prevertebrae 3 (pv3). 
Open arrowheads in A and D indicate the approximate level of transverse sections 
F,G, and H. 
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(Figure 2 and data not shown). Further information from el2.5 transverse sections 
confirms that the expression of the transgene is dorsally restricted within the spinal cord, in 
contrast to the endogenous transcripts, which are more evenly distributed across the dorsal-
ventral axis of the spinal cord (Figure 2f-h). 
HoxaS expressing transgenics show physiological and behavioral differences from 
wildtvne littermates 
Forelimb motor performance is significantly impaired in transgenic animals 
During handling, a5SV2 transgenics were less likely to grasp the cage bars in an 
attempt to escape being grasped, and appeared to have proprioceptive defects, tending to 
allow their forepaws to fall between the cage bars rather than locating and grasping bars 
like wildtype animals. To test forelimb performance in a5SV2 transgenic animals, a simple 
bar hang test was designed, where the animal was allowed to grasp a horizontal bar with 
forelimbs only, and their ability to hang on the bar and subsequently pull their hindlimbs up 
to the bar was scored. The percentage of a5SV2 transgenic animals successfully 
completing the bar hang test is significantly lower than the percentage of successful 
nontransgenic animals (n=145; pO.OOOl; Fig 3a). Further, in a test designed to quantify 
forelimb grip strength, a5SV2 transgenics pull less weight than nontransgenic animals 
(n=145; pO.OOOl; Fig 3b). Unexpectedly, transgenic animals and nontransgenic 
littermates were found to run for equal lengths of time on the rotarod (n=l 10; p=0.1987, 
Figure 3c), indicating normal coordination and forelimb use in this test. However, 
defecation, measured as the number of fecal pellets produced, was significantly different 
between genotypes (n=l 10; p=0.0029, Figure 3d). Rotarod results were consistent 
between days of the test (data not shown). ANCOVA p values were calculated in models, 
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Figure 3: Forelimb Motor Performance Deficit of a5SV2 Transgenic animals. 
Transgenic animals show significantly decreased performance on the bar 
hang (A; pO.OOOl) and weight pull (B; pO.OOOl) tests, compared to 
nontransgenic littermates. However, transgenic animals were able to stay 
on the rotarod for the same length of time as nontrangenic littermates 
(C; p=0.1987), although they produced significantly less fecal pellets 
during their run (D; p=0.0178). Values graphed are least squared means 
as calculated by the SAS software package, and error bars indicate the 
standard error of the mean. * indicates significant difference, p values 
indicate the effect of genotype in an ANCOVA model accounting for 
effects of age and mass, n is the number of animals of each genotype. 
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which accounted for variables including age, body weight and genotype of each animal. 
While time spent on the rotarod showed a significant effect on defecation (p=<0.0001), 
genotype still also showed a significant effect on defecation in an ANCOVA model 
accounting for time. Because sex was never seen to be a significant variable, sex was not 
included in any model. 
Transgenic animals show sensory defects in response to a thermal stimulus 
The decreased performance on the bar hang and weight pull tests could indicate 
either a musculoskeletal defect leading to forelimb/grip weakness, or that transgenic 
animals were more likely to avoid performing the tests. However, transgenic animals show 
no significant structural defects of musculoskeletal structures. Gross dissection and 
observation of adult forelimb musculature and the brachial plexus did not identify 
differences between transgenic and nontransgenic animals. Staining and gross observation 
of adult skeletal structures also failed to identify any major structural defects (data not 
shown). Standard histopathological analysis including H&E or Trichrome staining of cross 
sections of brachial spinal column, antebrachium, brachium, and scapula did not indicate 
histological abnormalities in the structures studied. 
To test the possibility of differences in sensory response to the motor performance 
tests, we measured the response of transgenic animals in a standard hotplate test. 
Transgenics showed significantly slower latency to first response on the hotplate test 
(n=l 17; p=0.0002; Figure 4a). Transgenic animals' first response is more likely to be 
hindlimb flick (38/54) than nontransgenics (7/63), which were more likely to lick their 
forepaws as a first response (15/54 Tg; 53/63 NTg) or to lick forepaws and then flick 
hindfoot in rapid succession (1/54 Tg; 3/63 NTg). When hindlimb flick was used as the 
69 
A Latency to First Response 
30 
m 
*o c 20 * 
1 10 
0 
Wildtype Transgenic 
B Latency to Hindlimb Response 
30 
E 20 
S 
10 
0 
n =49 
Wildtype Transgenic 
Figure 4: Sensory Performance Defect in a5SV2 Transgenic animals. 
Transgenic animals show a significantly longer latency to first response 
on the 56oC hotplate (A; p<0.0001), when any sign of discomfort is used 
as the endpoint. When hindlimb flick is used as the endpoint, the slight 
difference between the genotypes (B; Student's t test, p=0.048) is due to 
variance in age of animals, and not affected by genotype (ANCOVA, 
effect of genotype p=0.3499, effect of age p=0.0003). Values charted 
are least squares means as calculated by the SAS sofware package; error 
bars indicate standard error of the mean. * indicates a significant 
difference, n indicates the number of animals of each genotype tested. 
Unless otherwise noted, p values are from ANCOVA analysis in a model 
accounting for age and mass. 
endpoint, time to endpoint was slightly but not significantly different between transgenics 
and nontransgenics (n=100; Student's t p=0.048; Fig 4b), although the ANCOVA analysis 
indicates that this difference is due to differences in age of the animals (p=0.0003) rather 
than to genotype (p=0.3499). 
An analgesic drug significantly affects transgenic motor performance and hotplate 
response. 
To determine if pain alleviation ameliorated the forelimb motor performance deficit 
animals were treated with either Butorphanol tartrate, an analgesic drug, or vehicle. Motor 
tests were administered twice; once before treatment and again one hour after treatment, 
and change in performance compared. Analgesic effectiveness of the drug was similar for 
both genotypes, as transgenic and nontransgenic animals both showed increased latency to 
first response on the hotplate when treated with the drug, but not when treated with vehicle 
only. There was not a significant interaction between genotype and the effect of the drug, 
although the initial latency was different between transgenics and nontransgenics (Figure 4; 
5a). Nontransgenic bar hang performance was not significantly affected by either treatment 
with vehicle or treatment with butorphanol. While transgenic bar hang performance was 
not significantly affected by treatment with vehicle, a strong interaction between genotype 
and treatment was seen in the significant increase in % of animals passing the bar hang test 
after treatment with butorphanol (p<0.0001; Figure 5b). A similar but more subtle effect 
was seen for weight pull, in that nontransgenic animals treated with either vehicle or drug, 
and transgenics treated with vehicle showed no significant effect or a decline in 
performance, while transgenics treated with butorphanol showed an increase in 
performance for both average and maximum weight pull (Figure 5c and data not shown). 
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Figure 5: Transgenics respond differently to treatment with analgesic drug than Nontrangenics. 
Treatment with drug (But: butorphanol) but not vehicle (PBS: phosphate buffered saline) increases latency 
to first response (A) in both genotypes. ANCOVA analysis indicates that while the effect of treatment is 
significant (p<0.0001 ), there is no difference between genotypes (p=0.7151). However, there is a strong 
interaction between treatment and genotype seen in response on motor performance tests, particularly the 
bar hang (B; p,0.0001). Transgenic animals, when treated with butorphanol, show significantly greater 
improvement on the bar hang (measured as % of animals passing the test) than any of the other three 
groups. A similar but not significant trend is seen in the amount of weight pulled after treatment (C). While 
the other three classes showed no change or a decrease in performance after treatment, transgenic 
animals treated with butorphanol displayed a slight increase in the amount of weight pulled in this test. 
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HoxaS expressing transgenics display structural defects limited to the brachial 
central nervous system 
Transgenic animals show a pronounced structural defect of the dorsal horns of 
brachial spinal cord 
The functional sensory defects observed in transgenic animals could be due to 
defects in either central or peripheral pathways. We first looked at the structure of the 
dorsal horns of the spinal cord, comparing brachial and lumbar regions, and transgenic and 
nontransgenic animals. Cresyl violet staining of transverse sections of adult spinal cord at 
the level of C6 showed a marked loss of dorsal intemeurons from the superficial laminae of 
the brachial, but not lumbar, dorsal horns (Figure 6). On the other hand, motor neurons and 
deeper laminae appeared relatively normal in sections from both regions. The brachial 
dorsal columns (dorsal funiculus) were wider and shallower than those of transgenics as 
well (Fig 6). Immunohistochemical staining of similar sections for substance P, NKB, and 
their high affinity receptors NK-1 and NK-3, respectively, also demonstrate a severe 
disruption of the pattern of distribution of these molecules in brachial but not lumbar dorsal 
horns (Fig 6). 
To more precisely deetermine the anterior-posterior extent of this defect, spinal 
cord for two transgenic and two nontransgenic adult animals was carefully dissected from 
CI to Tl, serially sectioned and Nissl stained. In both transgenic animals, the dorsal horn 
defect initiated at the C4 level and terminated at the C7 level. No defects were observed in 
transgenic sections located outside this region or in any of the nontransgenic sections. 
Anterior-posterior levels were determined both by spinal cord morphology as well as 
numeration of dorsal root ganglia through the set of serial sections. 
Figure 6: Transgenic animals display structural defects of the dorsal horn in the cervical 
but not lumbar spinal cord. 
Cresyl violet stained sections of C6 and LI spinal cord from transgenic (A) and 
nontransgenic (B) littermates. Dorsal horns of transgenic animals display 
significant loss of neurons in the superficial laminae (circled in red). 
Immunohistochemical staining for substance P (C), neurokinin-B (D), the NK-1 
tachykinin receptor (E), and the NK-3 tachykinin receptor (F) also demonstrate 
the altered morphology of transgenic dorsal horns from C6 but not LI. Bars in C-
F = 0.1mm. 
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Peripheral structures show no pronounced anatomical defects 
Immunohistochemical staining of brachial dorsal root ganglions demonstrated that numbers 
of peripheral positive DRG cells are slightly reduced (p<0.08) in cervical/brachial but not 
lumbar regions (Fig7). Within transgenic animals, the number of peripheral positive cells 
in the brachial region is decreased relative to the lumbar region (p<0.04); this was not 
observed in nontransgenic animals. Although SP EHC staining was highly abnormal in the 
spinal cord at brachial levels, the number and distribution of peripheral SP fibers is not 
affected in transgenic forepaw skin (data not shown). 
Discussion 
In transgenic line a5SV2, HoxaS RNA is strongly upregulated in a limited temporal 
and spatial pattern. This upregulation is first observed at el0.5, while endogenous HoxaS 
RNA expression is already present at e9.5, the earliest time point analyzed in this study. 
Further, as dorsal and anterior-posterior restrictions of transgene expression limit the 
transgene expression to parts of the normal endogenous pattern, transgene expression is not 
seen in regions where the endogenous gene is not present. At el2.5, endogenous Hoxa5 is 
normally expressed broadly across the D-V axis of the spinal cord, and is present along 
most of the A-P axis from the level of the posterior myelencephalon without a clear 
posterior boundary. Transgenic HoxaS RNA is restricted to the dorsal half of the spinal 
cord, and shows an anterior boundary at about the level of the third prevertebra (pv3) and a 
posterior boundary at about the level of pvlO. This transgenic pattern is highly similar to 
the lacZ expression pattern observed using the same upstream regulatory elements (Zakany 
et al., 1988; Tuggle et al., 1990). Additional low levels of transgene expression are seen in 
the posterior spinal cord at the level of the hindlimb. Although we cannot rule out 
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Figure 7. Decreased Peripherin Positive Cells in Transgenic Brachial DRG. 
Dorsal root ganglion sections were stained with anti-peripherin. Cells 
showing positive staining were counted by two independent observers 
and averages divided by the area covered by each section, n indicates 
number of sections scored, and the value in parenthesis is the number 
of animals. Error bars indicate the standard error of the mean. The 
difference between transgenic brachial and transgenic lumbar is 
significant (*, p=0.042), and the difference between transgenic 
brachial and wildtype brachial is nearly significant (**, p=0.084). 
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expression in inappropriate cell types within the spinal cord, or ectopic expression at other 
temporal stages, we can conclude that the transgene expression is not ectopic by region or 
tissue type at midgestation (el2.5). 
Transgenic animals display forelimb specific defects that are primarily sensory in 
origin. Although the defect manifests as a deficit in motor performance in addition to 
sensory deficits, our results indicate that the underlying defect is cause by malformed 
sensory pathways. First, transgenic mice are fully capable of using all four limbs in a 
coordinated manner in the rotarod test. In addition, gross and microscopic observations 
both failed to identify defects in musculature or skeletal structure of transgenics. Further, 
observation of transgenic animals during normal handling indicates that transgenics have 
apparent proprioceptive defects of the forelimb in addition to the quantifiable deficit in 
performance on the motor tasks. Although this apparent proprioceptive defect may actually 
be secondary to a defect in sensory pathways (for example, caused by pain on movement) 
either interpretation requires a defect in sensory, not motor, neural systems. Transgenics 
also display abnormal behavioral patterns such as reduced exploratory activity as well as 
the quantified reduction in response time on the hotplate test. Most importantly, treatment 
with an analgesic drug restored bar hang performance to nearly normal levels and improved 
weight pull performance. Together, all of these indicators point to a neurogenic cause of 
sensory origin instead of a deficit in motor pathways. 
The ulcerative phenotype of transgenic animals is also consistent with defects in the 
sensory structures of the cervical/brachial region of these animals. Because the frequency 
of ulceration varies with mite load of the colony, the ulceration appears to be a result of 
either a hypersensitivity to mite infestation or a decreased sensitivity to scratching, 
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resulting in injury as a result of excessive scratching in response to mites. Non-transgenic 
mice of several strains are housed in the same colony and can be seen to scratch themselves 
along the neck and upper chest in response to mite infestation, but do not develop ulcers in 
these regions. In addition, the specific location of the ulcers is consistent with the expected 
location of the defect based on transgene expression in the embryo and extent of spinal 
cord defects (C4-C7) in the adult. The region of strongest expression of the transgene at 
el2.5 is between spinal segments C3 and T2, fully overlapping the segments expected to 
innervate the region of ulceration in adult transgenics. In particular, the most common 
location of initial ulcers is on the preaxial surface of the forelimb and shoulder, which are 
innervated from C6 and C5 respectively. Interestingly, the ulcerative phenotype was 
observed in several FO transgenic animals, so the ulcerative phenotype (and perhaps the 
general pattern of sensory defects) appears to be a general phenomenon related to 
overexpression of HoxaS, and not a unique occurrence in line a5SV2. The expression of 
the transgene in the pattern predicted by previous work with the same regulatory elements 
also supports this interpretation, indicating that the expression of HoxaS mRNA and protein 
from the transgene is driven by the Hoxa5 regulatory elements included in the transgene 
and not due to artifacts of position of integration. The existance of the skin ulceration 
phenotype in animals derived from three independent transgene integration events further 
argues for Hoxa5 over-expression as the most likely cause. However, we cannot formally 
exclude integration effects as a possible cause of the a5SV2 phenotype. 
An interpretation of the defect as primarily sensory is consistent with the location of 
the dramatic spinal cord lesion in transgenic animals and the expression pattern of the 
transgene in the dorsal horns of the brachial spinal cord. The anterior-posterior location of 
79 
the lesion from C4-C7 is at the correct level to affect the forelimbs, as well as at the correct 
level to explain the development of skin ulcerations in regions innervated from C5 and C6 
(Oilman and Winans-Newman, 1996). While the non-cutaneous pattern of sensory neural 
development is not as clearly defined, the forelimb musculature receives motor innervation 
from spinal segments C5-T1, and likely receives sensory innervation from the same 
segments. The dorsal restriction of transgene expression provides a possible mechanism by 
which the sensory but not motor pathways might be affected in these animals, suggesting 
that overexpression of HoxaS in dorsal spinal cord structures could affect fate specification 
and pattern formation of neural connections. Such a mechanism would predict a structural 
defect in the dorsal horns of this region of the spinal cord as a result of misspecification or 
loss of classes of dorsal cell fates. 
In the adult, dorsal intemeurons are organized into several histologically 
identifiable layers in the dorsal horn (Steward, 2000). These laminae also appear to have 
unique functional roles, although the specific boundaries of both histology and function 
may be slightly indistinct. Nociceptive inputs (either Aô or C afférents) most likely 
synapse directly on intemeurons of laminae I, II, and HI, indirectly passing the pain 
stimulus on to cells in laminae V or VI that in turn transmit the signal to the brain, although 
some groups believe that evidence indicates a direct connection of nociceptive axons and 
cells in lamina V, reviewed by (Wall, 1980; Steward, 2000). While it is possible that 
nociceptive inputs may connect directly with lamina V cells, strong evidence that 
intemeurons in laminae I and II are directly connected to such inputs indicates that either 
there are multiple populations of nociceptive inputs terminating in different locations in the 
dorsal horn, that nociceptive axons branch to directly connect with multiple targets (i.e. 
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both laminae I/II and V), or that the response seen from lamina V neurons is an indirect 
response downstream of an initial connection in the superficial laminae (I and II). 
Additional cells in superficial laminae modify or regulate the signals before they are passed 
along to the brain, either by axo-axonal synapses on the incoming afferent axon, or by 
inhibition of intemeurons receiving the signal (Steward, 2000). Proprioceptive inputs are 
also mediated through connections in the superficial laminae, although the pathways may 
be less complex than those transmitting pain signals. Loss or misspecification of cells 
normally fated to become dorsal intemeurons located in the superficial laminae therefore 
would be expected to disrupt pain and proprioceptive signaling pathways, predicting 
defects in sensation and proprioception of the type seen in our transgenic animals. 
One of the normal functions of Hox genes may be to regulate the proliferation of 
cells in their region of expression (Condie and Capecchi, 1994), perhaps by regulation of 
rates of apoptosis (Rossel and Capecchi, 1999; Barrow et al., 2000). It is known that 
apoptosis plays an essential role in normal neural development, and at least two studies 
have shown that Hox genes can affect rates of apoptosis in developing neural structures. 
Knockout mice lacking Hoxal expression initially develop an abnormally large hindbrain 
segment with characteristics of the fourth rhombomere, apparently as a result of 
misspecification of parts of rhombomere three. However, by later stages, cells in this 
segment have undergone apoptotic death, such that the segment is reduced to the size of a 
typical fourth rhombomere by el0-10.5 (Barrow et al., 2000). Hoxc8 knockout mice 
display an increased rate of apoptosis of motomeuron progenitors, visible at el 3.5, leading 
to disorganization of the motor innervation of the forelimb in these knockouts (Tiret et al., 
1998). It is likely that similar mechanisms are in operation under the control of HoxaS. 
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Recent evidence indicates that HOXAS protein is able to upregulate expression from the 
p53 tumor suppressor gene (Raman et al., 2000). p53 is known to prevent tumor 
formation by stimulation of apoptosis in cells that have accumulated mutations or in which 
DNA repair mechanisms are not operating properly (Fulci and Van Meir, 1999). Loss of 
p53 gene function is thus a predisposing factor in many cancers. It is becoming widely 
accepted that misregulation of homeobox genes also plays a role in carcinogenesis and 
tumorigenesis (reviewed by Cillo et al. 2001). HoxaS itself has been demonstrated to be 
downregulated in human colon cancer cells (Wang et al., 2001) and in a high proportion of 
human breast cancers (Raman et al., 2000). As apoptosis is also a critical process during 
the normal development of the nervous system and in response to nervous injury (reviewed 
by Lowrie and Lawson 2000), it is likely that p53 also plays a role in neural development. 
In this work, we report loss of substantia gelatinosa cells in the brachial spinal cord, a 
region of transgenic HoxaS overexpression in HoxaSSV2 transgenic animals. If increased 
rates of apoptosis or increased expression of p53 can also be demonstrated in the region of 
cell loss in these animals, the evidence would strongly support the suggestion of apoptotic 
regulation of proliferation as a means of control of development by HoxaS. 
Alternatively, misspecification of cellular identity in dorsal horn precursors could 
lead to cellular loss in adult animals. During normal neural development, survival of dorsal 
hom cells (intemeurons) is likely to rely at least in part on formation of correct connections 
(reviewed by Lowrie and Lawson 2000), although strong evidence indicates that there must 
be additional factors involved. While there is evidence of some early cell death during 
spinal cord development, most cell death of spinal intemeurons occurs after proliferation, 
once neurons have become post mitotic (Lowrie and Lawson 2000; Fitzgerald and 
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Jennings 1999), and the factors that influence cell survival and regulate rates of cell death 
are not well understood. If the overexpression of HoxaS leads to misspecification of a 
group of neural precursors, it might be expected that a particular cell lineage would be 
represented by an abnormally large number of cells. In our animals, a possibility would be 
misspecification of cells that normally should have given rise to laminae I and II, so that 
they instead adopt a fate consistent with a deeper layer such as lamina HI or even more 
ventral fates such as motor neurons (lamina X). Normal mechanisms to regulate numbers 
of adult cells such as competition for targets would then reduce this abnormally large 
population to a normal number. Evidence for this scenario would include a transiently 
increased population consisting of both normally developing and misspecified cells. 
Immunohistochemistry staining using markers specific for various neural populations may 
allow detection of such an increase, and detection of increased levels or inappropriate 
locations of apoptosis in the developing neural tube will provide evidence of the role of 
apoptotic cell death in regulation of population sizes. 
Based on the location of the neural defects seen in our transgenic mice and the 
evidence for direct regulation of p53 by Hoxa5, we propose that increased HoxaS 
expression leads to increased apoptosis in populations destined to give rise to intemeurons 
with cell bodies located in brachial laminae I and II, as well as sensory neurons expressing 
peripherin. Tracing the neural defects back in time to earlier developmental stages to find 
the earliest stage at which the defect can be identified will allow correlation of the initial 
defect with normal developmental processes occurring at that time. However, because 
embryonic neural cells are fairly plastic at least through elO (Richards et al., 1995) and 
proliferate well prior to their adoption of adult cell characteristics, we may not be able to 
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detect the earliest stages of the defect by immunocytochemical or morphological methods. 
To complement such studies, an analysis of rates of apoptosis in transgenic and wild type 
animals at several stages of development, beginning with the earliest time at which 
transgene expression can be reliably detected, could indicate if apoptosis plays a role in the 
loss of dorsal intemeurons seen in adult transgenics and may help differentiate between a 
direct effect mediated via p53 or a more indirect model as delineated above. Further, 
immunohistochemical analysis of p53 expression in transgenic animals will determine if 
p53 expression is affected by transgenic overexpression of HoxaS or not, as well as aiding 
in the elucidation of the potential role of p53 in production of the transgenic phenotype 
seen here. 
Of further interest is the similarity in phenotype between Hoxb8 mutants and HoxaS 
mutants. Hoxb8 knockout animals display an abnormal clasping reflex occasionally also 
seen in Hoxa5SW2 transgenic mice, a gait deficiency primarily of the hindlimbs, and skin 
ulcerations mainly of the lower back regions (vandenAkker et al., 1999). All of these are 
consistent with a similar, albeit more posteriorly located, defect in limb innervation similar 
to that proposed for HoxaS overexpressing transgenics. Hoxb8 knockout animals also 
frequently show a deletion of the first pair of thoracic ribs, in contrast to the extra cervical 
pair of ribs often seen in HoxaS knockout animals (Jeannotte et al., 1993). Further, mice 
ectopically expressing Hoxb8 in more anterior regions display a number of similarities to 
the HoxaS knockout animals, including posterior transformations of cervical vertebrae, 
although all cervical vertebrae and the basoccipital and exocipital bones display evidence 
of posterior transformations in the Hoxb8 gain of function mice (Charité et al., 1995) while 
only C5 and C6 were demonstrated to be transformed in HoxaS knockouts (Jeannotte et al., 
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1993). Both groups suggest that their results are consistent with a quantitative model 
where the appropriate level of expression of the most posterior gene in a region is critical 
for correct specification of AP identity. Strong overexpression of any posterior Hox gene 
might thus be expected to generate a similar phenotype, although competition for cofactors 
and/or binding sites on target genes would be expected to modulate this basic premise. The 
HoxaS knockout and the Hoxb8 gain of function mutants thus both have a disproportionate 
amount of "posterior" gene expression in cervical regions, leading to posterior 
transformations. 
Further similarities between Hoxb8 knockouts and HoxaS overexpressing 
transgenics include common sensory defects. Both mutants display a delayed first response 
on the hotplate (this work, and E. van den Akker, personal communication), while motor 
performance defects are measured as inability to perform the bar hang test and reduced 
ability to pull weight for the HoxaS mutants (this work) or abnormalities in the gait of the 
Hoxb8 mutants (E. van den Akker, personal communication). Further as mentioned above, 
Hoxb8 knockout mice display an ulcerative phenotype similar to that seen in our 
Hoxa5SV2 transgenics, although not localized to the same regions (vandenAkker et al., 
1999). Neither group was able to detect structural abnormalities consistent with a motor 
phenotype in our respective mutants, so we both conclude that the motor performance 
effects are secondary to sensory neural defects in these animals (this work and E. van den 
Akker, personal communication). 
A number of studies indicate that cross- and auto-regulation are common 
mechanisms of control of gene expression within the Hox complexes (reviewed by 
Nonchev et al. 1997) in analogy to the situation in Drosophila (summarized by Miller et al. 
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2001). In one well-researched interaction, Hoxal has been clearly shown to control the 
pattern of Hoxbl expression (Dolle et al., 1993; Gavalas et al., 1998; Studer et al., 1998), 
and the synergistic activity of both genes is required for correct formation of the hindbrain. 
This evidence raises the possibility that the phenotypes of the Hoxb8 and HoxaS mutants 
could be explained by negative regulation of Hoxb8 expression levels by HOXAS protein 
function, although this would be unexpected based on the posterior prevalence model. 
Alternatively, if Hoxb8 normally downregulates HoxaS or other HoxS panalogues, an 
increase in HoxS expression in Hoxb8 knockouts would lead to similar phenotypes to those 
seen when Hoxa5 is overexpressed. The possibility of regulatory interactions between 
HoxaS and Hoxb8 should be investigated by detailed analysis of expression patterns of both 
genes in the available mutants. 
We have shown that overexpression of HoxaS during embryonic stages of 
development in transgenic line a5SV2 correlates with the pattern of defects in the central 
nervous system of adult transgenics, and transgenic animals display phenotypes 
consistent with defects in sensory pathways, particularly pain and proprioceptive 
pathways. This transgenic line thus offers a unique perspective on the processes involved 
in specification of the sensory nervous system. Ongoing analysis of the a5SV2 defect at 
various stages of development as well as additional studies investigating sensory 
structures in the HoxaS knockout animals should prove informative about the role of 
HoxaS in specification of sensory structures, and may allow an interpretation of the 
broader events involved in specification and pattern formation of the central nervous 
system. Further studies of the molecular effects of HoxaS overexpression are expected to 
identify putative targets of Hoxa5, and will hopefully lead to the development of a model 
86 
for the mechanism of patterning and specification of structures of the dorsal spinal cord 
in mice. 
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CHAPTER in: MOLECULAR TARGETS OF HOXAS-. 
DIFFERENTIAL EXPRESSION OF PUTATIVE 
TARGET GENES IN AN HOXAS OVEREXPRESSING 
TRANSGENIC LINE1 
Overview 
HoxaSSVl is a transgenic line overexpressing mRNA encoding a functional 
HOXA5 protein in the brachial spinal cord and enteric nervous system. Here, we have 
used this line as a tool to identify putative targets of HOXAS during murine development. 
Levels of preprotachykinin B mRNA, whose processed product is the neuropeptide 
neurokinin-B, were demonstrated to be increased in this transgenic line. The functions of 
this neuropeptide in the central and enteric nervous systems indicate a probable 
functional role in the phenotype of transgenic animals. Additional studies to clarify the 
expression of several other putative targets in transgenic animals, to demonstrate 
conclusively whether HOXAS directly regulates expression of these genes, and to 
investigate their role in production of the phenotype of HoxaSSVl transgenic animals are 
proposed. 
'Coauthors of material included in Chapter ill are: Joint first author Matt Abbott; collaborator Dr. Ioana 
Sonea; and primary investigator Dr. Chris Tuggle. 
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Introduction 
The antennaepedia class of homeobox genes is a family of transcription factors 
which are highly conserved and appear to play important patterning roles in all 
taxonomic groups which have been studied. While each vertebrate Hox gene has a 
clearly defined anterior limit of expression, posterior expression boundaries are not 
clearly demarcated, leading to significant overlapping of Hox gene expression in the 
posterior regions of the animal. The resulting "Hox code" consists of the pattern of Hox 
gene expression and is thought to be a mechanism which can mark location along the 
anterior-posterior (AP) axis. The Hox code has been demonstrated most dramatically in 
the hindbrain, which displays an overtly segmented structure early in development (Hunt 
et al., 1991a: Hunt et al., 1991b; Chisaka et al., 1992; Studer et al., 1996; Gavalas et al., 
1997; Gavalas et al., 1998). Several groups have demonstrated that misexpression of 
single Hox genes (Zhang et al., 1994; Bell et al., 1999; Barrow et al., 2000) or 
simultaneous mutations in two Hox genes (Studer et al., 1998; Davenne et al., 1999; 
Rossel and Capecchi, 1999; Barrow et al., 2000) interfere with correct specification and 
development of rhombomeres. This misspecification of rhombomeric identity leads to 
abnormal patterns of cranial neural crest migration and abnormal formation of cranial 
motor nerves (Studer et al., 1996; Bell et al., 1999). Evidence also indicates that at least 
some Hox genes may control dorsal-ventral patterns of neuronal development within the 
rhombomere, in addition to the AP identity of each rhombomere (Davenne et al., 1999). 
In addition to these studies of the central nervous system (CNS), there are a few studies 
which have focused on the role of homeobox genes in directing correct development of 
peripheral nervous structures (Fanarraga et al., 1997; delaCruz et al., 1999). However, 
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current understanding of the specific functional roles of these genes and their targets is 
extremely limited, especially in development of sensory aspects of the peripheral nervous 
system (PNS). 
The observation that Hox genes also display an overlapping pattern of expression 
in the gut led to the elucidation of an enteric Hox code, such that members of the Hox 
family appear to play essential roles in specification of functional regions of the digestive 
tract, including directing proper development of the enteric nervous system (ENS) 
(Sekimoto et al., 1998; Pitera et al., 1999; Beck et al., 2000). The ENS is similar in 
function to the autonomic nervous system but is localized exclusively to the digestive 
tract and may be more similar in structure to portions of the CNS (Gershon and 
Tennyson, 1991). While the entire enteric Hox code has not been well documented, 
expression of the Hox genes in the gut displays an overall pattern consistent with an AP 
patterning role similar to that along the body axis (Reviewed by (Beck et al., 2000). As 
in the CNS, many of the Hox genes that have been studied in the gut have specific 
anterior limits of expression but are expressed in a broad region posteriorly, so that there 
is a great deal of overlap in posterior regions. Generally, genes from more 3' paralogous 
groups (1-4) are expressed in anterior portions of the gut and derivatives such as the 
pharynx, oesophagus, thyroid, and thymus, while genes from 5' paralogous groups (9-13) 
are limited to posterior portions such as the large intestine and rectum (Sekimoto et al., 
1998; Pitera et al., 1999). 
Identification of targets of homeobox gene action is one step in the process of 
understanding the overall function of these genes. Potential targets of HoxaS have been 
identified by several techniques. Functional substitution of the HOXAS protein for sex 
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combs reduced (Scr), its homologue in Drosophila, leads to activation of Scr targets such 
as forkhead (Zhao et al., 1993), implicating that murine forkhead homologues such as 
HNF-3 • may be HoxaS targets. Further support for this suggestion is found in the 
misregulation of HNF-3 • in the lungs of HoxaS knockout animals (Aubin et al., 1997). 
Analysis of regulatory regions has led to the identification of HoxaS consensus binding 
sites in the neurofilament protein peripherin (Foley et al., 1994). Concrete evidence for a 
functional interaction between HOXAS protein and putative binding sites can be gathered 
by in vitro experiments such as gel shift and DNase protection assays, or in tissue culture 
by co-transfection of a HoxaS expression vector along with a second construct containing 
the regulatory elements fused to a reporter gene. Such evidence demonstrates a probable 
role of HOXAS protein in activation of the p53 tumor suppressor gene (Raman et al., 
2000a), the progesterone receptor (Raman et al., 2000b), and the pcp-2(L7) Purkinje cell 
specific promoter (Sanlioglu et al., 1998). Further, analysis of transcription of several 
members of the Hoxa and Hoxb complexes indicates that many of the homeobox genes 
can be upregulated after induction of HoxaS gene expression in tissue culture (Lobe, 
1995). Finally, recent technological developments such as microarray technology have 
made it possible to screen large numbers of genes for changes in transcription levels 
under different conditions. 
Transgenic mice overexpressing Hoxa5 in a defined subset of the endogenous 
RNA pattern (line Hoxa5SV2) have been analyzed for overt phenotypic effects on motor 
and sensory function (Krieger et al., In preparation). In this work, we expand the 
molecular analysis of these transgenic animals through screening a mouse microarray 
with mRNA produced from HoxaSSVl transgenic embryos and nontransgenic 
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littermates. We were able to sample approximately eleven thousand known genes and 
expressed sequence tags (ESTs) for differences due to over-expression of HoxaS at 
embryonic day 11.5. Several putative Hoxa5 targets were identified, including 
preprotachykinin B and an EST highly related to N-Myc based on altered transcript 
abundance of these sequences. Using both in situ hybridization and RT-PCR analysis of 
mRNA from a variety of tissues and stages, we demonstrate transgene expression 
consistent with a role in patterning of the enteric plexus and sensory innervation of the 
forelimb. Further, preprotachykinin B was confirmed as a gene whose expression was 
altered in the Hoxa5SV2 line. We propose to undertake a molecular analysis of 
additional putative target genes, providing further information about the mechanisms by 
which HoxaS exerts its effects in the mouse. 
Methods 
Microarray 
To search for genes whose expression levels were affected by HoxaS over-
expression in a5SV2, we isolated mRNA at el 1.5, approximately 24 hours after initiation 
of high levels of exogenous HoxaS mRNA (Krieger et al., In preparation). Four el 1.5 
transgenic or nontransgenic embryos from the same line a5SV2 litter were pooled and 
total RNA isolated using TriPure isolation reagent (Roche). Poly A+ mRNA was 
prepared from these samples using the Oligotex mRNA spin column kit (Qiagen). 
mRNA samples were then analyzed using the AfïymetrixTM MU1 IK chip at the 
University of Iowa Facility. Probes representing the normal expression profile (NT) or 
the transgenic expression profile (T) across the entire el 1.5 embryo were independently 
hybridized in duplicate to the Mul lk chip. Data was acquired and analyzed using 
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Affymetrix software, which calculates the relative level of expression based on 
hybridization signals to oligonucleotides spanning each gene sequence. Each of these 
calculations is based on an algorithm which integrates signal from 16 to 20 probe pairs 
for each gene. A probe pair consists of an identical match and a mismatch 
oligonucleotide, and is scored positive only if hybridization to the perfect match oligo is 
significantly stronger than to the mismatch after accounting for background and noise. 
An overall average of hybridization intensity from positive probe pairs allows the 
software to make an absolute call for each gene, indicating the presence or absence of 
gene expression in the sample. Expression in each sample was then compared to both 
duplicate hybridizations of the other RNA population, for a total of four possible pair-
wise comparisons between samples. Genes are identified as increased or decreased if 
they are present in all four samples, or they are present only in one pair (for example: 
EST AV320040 was present in both nontransgenic samples but absent in both transgenic 
samples, indicating a decrease), and if the difference call indicates an increase or a 
decrease in all four comparisons. As a result of an error in manufacture of the 
microarray, the validity of these data are questionable particularly for many of the EST's. 
A second analysis using correctly produced chips was run using the same RNA probes. 
Genes reported here as changed either showed similar results on both sets of chips or 
were only present on the corrected second set. 
Expression of the HoxaS transgene 
Transgenic line a5SV2 was produced by microinjection as described previously 
(Krieger et al., In preparation). Embryos for expression analysis were collected from 
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timed pregnancies at the fifth or sixth generation of backcrossing to the 129SvEvTac 
strain and fixed for ISH or homogenized for RNA isolation as described below. 
In Situ Hybridization 
In situ hybridization was performed as previously reported (Krieger et al., In 
preparation). 
RNA Isolation for RT-PCR Experiments 
Timed embryos or newborn tissues were collected and flash frozen in liquid 
nitrogen and stored at -70°C until isolation of RNA. Frozen tissues were homogenized in 
Trizol reagent (Gibco) and the homogenate transferred to 1.5ml microfuge tubes. RNA 
was isolated as described in the Trizol protocol, resuspended in RNase free HzO and 
quantitated by spectrophotometry. Purity of the RNA was assessed by appearance of 
rRNA bands on a formaldehyde-MOPS agarose gel, and comparison of A260/A280 ratios 
after dilution in 5mM TrisHCl, pH 7.5. 
RT-PCR 
Hoxa5 (endogenous), HoxaSSx (transgene), NK-B, peripherin and Pactin 
(control) mRNAs were amplified by RT-PCR using Pharmacia's First Strand cDNA 
synthesis kit and subsequent independent PCR. For each sample, 2.3 |ig total RNA was 
reverse transcribed in a total volume of 15ul. For each transcript, l.Oul (153ng), 0.33ul 
(51ng), 0.1 lui (17ng), 0.037ul (6ng), or 0.0123ul (2ng) of the resulting cDNA (values in 
parenthesis refer to ng of input mRNA) was amplified by PCR in a final volume of 12.5 
gl. PCR conditions were 2.72mM MgC12 (1.5mM for NKB), 0.344mM dNTPs, 13.6mM 
Tris-HCL, 55.4mM KC1, 0.1% Triton X-100, 1.2mM DTT, 0.0064mg/ml BSA, 
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O.lpmol/ul each primer, 5.0% DMSO (for HoxaS reactions only), and O.Sunits Taq 
polymerase (Promega) for 30 cycles, pact primers were included in the Advantage One-
Step RT-PCR Kit (Clontech). HoxaS primer sequences were: 5'-
CCGTGAGCGAACAATTCAGG-3' and 5'-TCAGGTAGCGGTTGAAGTGG-3 '. Sv 
specific primer sequences were: 5'- GCGCAAGCTGCACATTAGTCAC-3' and 5'-
CCTCTACAAAT GTGGTATGGCTGATTATG-3'. NKB primer sequences were 5'-
CC AGAC ACTCCCACCGAC3 ' and 5' TG AGGCT GTT C AT AT GC AGC 3\ Peripherin 
primer sequences were 5'- GAAGCTACACGAAGAGGAAC-3' and 5'-
CGACTTATACCACTCCTCTG-3 '. Products were electrophoresed on 1.4%-2.0% 
agarose gels and visualized by staining with ethidium bromide. Pixel data was obtained 
directly from the agarose gel by densitometry using Alphalnnotech Imaging. 
Measurement of Body Mass 
Animals were weighed in a closed-pan balance at approximately 40 days of age, in 
preparation for motor performance analysis, as reported previously (Krieger et al., In 
preparation). 
Results 
Microarray analysis indicates several genes are unregulated at el 1.5 in transgenic 
animals. 
Four transcripts were identified as increased/decreased in abundance by 
microarray analysis (Table 1): three that were positive in both hybridizations (HoxaS, 
preprotachykinin-B, and Xist), and one EST that was corrected and present in the second 
run only (EST AV320040, highly similar to N-Myc). A larger number of genes and 
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Table 1: Differential expression of genes in el 1.5 transgenic embryos. 
Genes demonstrating significant change in transcript abundance between transgenic 
and nontransgenic el 1.5 embryos, as indicated by microarray analysis. Positive fold 
change indicates increased transcript abundance in transgenics, negative values 
indicate a decreased abundance in transgenics by comparison to wildtype values. 
Genes listed here were scored as present in all samples, and showed calls in a similar 
direction for all four possible pairwise comparisons across duplicate hybridizations 
(see text for detailed explanation). ID codes are mouse Unigene cluster identification 
values or GenBank accession numbers. 
Gene ID Code Presence or 
Hybrid 
Absence of 
ization 
Direction of Change 
Tg l  Tg2 NTg 1 NTg 2 
HoxaS Y00208 P P P P Increase 
preprotachykinin B D14423 P P A A Increase 
Inactive X-specific 
transcripts (Xist) L04961 P P P P Decrease 
N-Myc related EST A V320040 A A P P Decrease 
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EST's met these criteria on one of the two hybridizations, and additional transcripts 
nearly met these stringent criteria. However, further analysis will be required to confirm 
initial indications of changes in transcript abundance. Other putative HoxaS target genes 
previously identified were either not expressed at detectable levels in either sample in this 
assay (peripheral, HNF-3 family members, progesterone receptor, pcp-2(L7), most other 
Hox genes) or were present but unchanged in transcript abundance (p53, some Hox 
genes). It is of note that, of approximately 11 thousand genes surveyed on the 
microarray, the vast majority were not expressed or were unchanged across comparisons. 
Semiquantitative RT-PCR confirms and extends microarray results for HoxaS and 
NK-B expression in transgenic embrvos. 
To confirm and extend the microarray results, a semiquantitative RT-PCR assay was 
developed for HoxaS, NK-B and peripherin. Average values in pixels/ng input mRNA 
were calculated for replicate amplifications and multiple concentrations of input mRNA. 
Individual values which lay outside a 95% confidence interval about the mean were 
excluded from the calculations. Relative level of expression for each gene of interest 
(GOI) was assessed by normalization to average values for P-actin amplification from the 
same samples by dividing the average value for each individual gene by the average of (3-
actin replicates. Normalized averages for which either value was calculated from a single 
set of replicates (duplicate reactions of the same concentration of input mRNA) are 
indicated with # in the Figure 1. Standard deviations were calculated as follows: S.D.= 
(GOI mean/p-actin mean)(sqrt(P-actin S.D./p-actin mean)2+(GOI S.D./GOI mean)2) 
RNA isolated from a single animal was used for all concentrations and all replicates of 
el6.5 and NB samples, and from four pooled embryos for el 1.5 samples. While few 
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comparisons show a significant difference between transgenics and nontransgenics due to 
large standard deviations, results from RT-PCR analysis of el 1.5 embryos support the 
microarray results, demonstrating a probable increase in Hoxa5 and NK-B transcript 
abundance, and very low levels of peripherin expression (Figure 1). In samples from 
later developmental stages, HoxaS transcripts were also likely expressed at increased 
levels, with the largest differences seen in the el6.5 head, el6.5 and newborn brachial 
spinal cord, and newborn gut. The newborn brachial spinal cord displays a significantly 
higher level of HoxaS mRNA in transgenics (Figure la). Peripherin expression was not 
significantly different between transgenic and nontransgenic samples, although a slight 
decrease in expression was apparent in el6.5 forelimb, and expression was not detectable 
for either genotype in newborn proximal forelimb or heart (Figure lb). Similarly, most 
tissues showed no significant difference in NK-B expression between transgenic and 
nontransgenic samples, and newborn heart and gut both had undetectable levels of NKB 
expression. However, NK-B expression shows a slight increase in the transgenic el6.5 
carcass (Figure lc; see Figure 2 for details on the dissections for el6.5 and NB tissues). 
ISH analysis demonstrates transgenic HoxaS expression in BSC and gut at el2.5. 
ISH was performed on sagittal sections of el 2.5 transgenic and nontransgenic 
littermates (Figure 3). Transgenic RNA is detected in the brachial spinal cord, with an 
anterior limit at approximately the junction between the spinal cord and hindbrain, and a 
posterior limit at the level of prevertebrae (pv) 10, as previously reported (Krieger, In 
preparation). Further, transgenic RNA is seen in a punctate distribution in the walls of 
the gut, a pattern consistent with expression in the developing enteric nervous system 
(Figure 3). 
Figure 1. Semiquantitative RT-PCR analysis of Hoxa5, peripherin, and NKB expression 
in the Hoxa5SV2 transgenic line. 
RT-PCR amplification of each individual gene is normalized to (3-actin values for 
the same sample. Results from duplicate amplifications of up to five different 
amounts of input cDNA (2-150ng) were averaged, and values which lay outside a 
95% confidence interval were discarded. Average values for each gene were 
calculated in pixels/ng for each gene and divided by average pixels/ng for (3-actin 
to generate a normalized average. Standard deviations for each normalized 
average were calculated using the following formula: S.D.= (GOI mean/p-actin 
mean)(sqrt(p-actin S.D./p-actin mean)2+(GOI S.D./GOI mean)2). Ratios for 
which only one pair of duplicate values was accepted are denoted with #. For 
details of the dissection to collect el6.5 and NB tissues, see Figure 2. 
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A e16.5 embryo B e16.5 brachial region 
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BV 
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Figure 2: Dissection of el 6.5 and NB animals for RT-PCR. 
Embryos at el6.5 were cut as indicated in A, and the brachial region further 
subdivided as indicated in B. Forelimbs were separated from the body wall at the 
shoulder joint. BSC — brachial spinal column, BV - brachial viscera. Viscera 
include lung and heart. Liver, stomach, and intestines all are included with the 
carcass. Newborn dissections primarily consisted of isolation of individual 
organs. Forelimbs were separated from the body wall at the shoulder and clavicle 
and then divided at the elbow joint into proximal and distal portions. The 
proximal forelimb thus includes the shoulder girdle. 
Figure 3: ISH Expression Pattern at el2.5. 
HoxaS RNA (all transcripts; B, E, F) and Hoxa5Sv (transgenic only; C, G) 
RNA detected by In Situ Hybridization and emulsion autoradiography on near 
adjacent sections of an Hoxa5Sv2 transgenic (A-C) or nontransgenic (D,E) 
el2.5 embryo. An H&E stained near adjacent section (A, D) is included for 
comparison. Anterior is to the left, dorsal is down. Arrows in B and D indicate 
approximately the level of the basoccipital bone/prevertebrae (pv)l. 
Arrowheads in B, C, and E, indicate lung (1), gut (g), or pv 3 (pv3). F and G 
are enlargements of the gut from B and C, respectively. 
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Transgenics show reduced adult body mass. 
At approximately 40 days of age, transgenic animals weigh significantly less than 
nontransgenic littermates (Figure 4). ANCOVA analysis indicates that age (p<0.001), 
sex (pO.OOl), and genotype (p=0.002) all show significant effects on body mass of 
transgenics. While some adult males were singly housed, in most cases animals were 
housed together with littermates regardless of genotype. Food and water are freely 
available, making competition for food an unlikely contributor to this phenomenon. 
Discussion 
An area of great interest is identification of the mechanisms by which Hoxa5 and 
other Hox genes exert their effects. To address this question, we used the AffymetrixTM 
Mullk chip to look for genes whose level of expression is affected by overexpression of 
HoxaS in line a5SV2. Hybridization to microarray chips is a reliable method for 
identification of differentially expressed transcripts, and by comparison of transgenic and 
nontransgenic RNA populations, we identified putative targets of HoxaS. Use of four 
embryos for each sample in an attempt to limit intrasample variability in developmental 
age, such as might be seen when comparing single embryos, seems to have been 
successful based on the limited number of differentially expressed genes detected. 
Because expression levels of many genes are fluctuating rapidly during development, we 
would have expected to see a larger number of differentially expressed genes if the RNA 
populations came from different developmental ages. However, the difference in Xist 
expression indicates that we did not have equal sex ratios in the pooled samples. This is 
perhaps to be expected, as we did not test to determine the sex of the embryos used. 
109 
Body Mass 
EWf: 
Wildtype Transgenic 
Figure 4: Hoxa5Sv2 transgenic animals show significantly reduced body mass in 
comparison to wildtype littermates. 
Animals were weighed at approximately 40 days of age. The difference in 
body mass is affected by age (pO.OOOl), sex (p<0.001) and genotype 
(p=0.002) in an ANCOVA model accounting for all three variables. 
* indicates significant difference; n indicates number of aminals. 
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As expected, and in support of previous work (Krieger et al., In preparation), microarray 
and RT-PCR analyses confirm that HoxaS RNA is present at a higher level in transgenics 
at el 1.5, although in this assay we are not able to distinguish directly increased 
expression as a result of the transgenic construct from autoregulatory upregulation of the 
endogenous HoxaS gene. Expression of the transgene in older embryos and newborns 
demonstrates increased levels of HoxaS transcripts at older stages as well. The large 
standard deviations for these values reflect the variability inherent in the technique as 
well as experimental error such as variable conditions of image capture, dissection 
artifacts, and pipetting error. However, the data represented here provide an indication of 
which tissues warrant further study. Accuracy of the data can be improved by use of 
multiple independent samples, replicate amplification of each sample, and careful 
evaluation of the linear range of amplification for each gene including the positive 
control. This improved analysis will provide a better evaluation of changes in 
expression of HoxaS, NK-B, and peripherin at the el 6.5 and newborn stages. 
Preprotachykinin B, which showed an increase in transcript abundance in 
transgenic embryos, encodes the precursor protein which is modified to generate the 
tachykinin neurokinin B (NK-B). NK-B has been demonstrated to play roles in pain 
transmission (Couture et al., 2000; Linden et al., 2000), gastrointestinal motility 
(Kangawa et al., 1983; Kuwahara and Yanaihara, 1987; Chang et al., 1999), hypertensive 
responses (Mastrangelo et al., 1987) and stimulation of the hypothalamo-pituitary-adrenal 
axis (Mazzocchi et al., 1994; Malendowicz, 1998). As previously discussed, other 
candidate genes previously identified as putative targets were either not present at 
detectable levels, or were expressed but not different between samples. 
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Once putative target genes have been identified, an understanding of how HoxaS 
exerts its function through these targets must be developed. Such an understanding 
requires demonstration whether Hoxa5 controls the expression levels of the putative 
targets directly or indirectly. In addition, analysis of expression patterns of both HoxaS 
and putative target genes and the temporal development and function of specific tissues 
or structures where these gene are expressed provides further information which can be 
used to develop a model explaining the overall function of HoxaS in development as 
mediated through specific target genes. 
HoxaS is normally expressed in the gut wall in a diffuse pattern at el2.5 (Dony 
and Gruss, 1987; Aubin et al., 1999; Pitera et al., 1999), which modulates to a punctate 
distribution in the mucosal layers by el4.5 (Dony and Gruss, 1987; Aubin et al., 1999). 
While Dony and Gruss originally attributed this pattern to potential expression in 
longitudinal muscles, subsequent work supports the interpretation that the pattern is due 
to expression in enteric neuroblasts (Aubin et al., 1999; Pitera et al., 1999). These 
neuroblasts are the early stages of development of the enteric nervous system (ENS), a 
network of connected ganglia located between the two muscular layers of the gut wall. 
Further, ENS cells originate from neural crest cells which migrate to populate the gut, 
which may explain why these cells continue to express Hoxa5 after mesodermal 
derivatives (components of rib, lung, and stomach) have ceased expression of this gene 
(Dony and Gruss, 1987). The Hoxa5 transgene is specifically expressed in a similar, 
punctate pattern in the gut wall at el2.5, slightly earlier than reported for wildtype 
animals in the literature. This discrepancy could be due to two factors. First, the 
transgenic pattern is much stronger than the endogenous expression, and consists of only 
a subset of the full endogenous pattern. Expression of low levels of the endogenous gene 
product in enteric neuroblasts at el2.5 is likely to be masked by broader expression in the 
surrounding mesenchyme (see (Aubin et al., 1999) in unmanipulated animals. 
Expression of the transgene localized specifically to the enteric neuroblasts at this stage 
produces a punctate distribution in addition to the lower level of endogenous expression 
(fig IB and C). Data reported by (Aubin et al., 1999) indicate that the larger transcripts 
constitute much of the mesenchymal expression pattern at el2.5, and that HoxaS 
expression in the enteric plexus at el4.5 is limited to the 1,8kb transcript generated from 
the proximal promoter. It is thus likely that the temporal expression pattern of the 
transgene is consistent with the endogenous pattern in the enteric neuroblasts, but is 
detectable earlier as a result of the higher levels of RNA produced. An additional 
possibility is that the transgene expression in the enteric plexus may be initiating slightly 
earlier than expected, due to missing regulatory elements in our transgenic construct. 
Interestingly, NK-B has been demonstrated to be expressed strongly in the enteric 
nerves (Yunker et al., 1999), a pattern consistent with the proposed role of the peptide in 
stimulation of gastrointestinal motility (Kangawa et al., 1983; Kuwahara and Yanaihara, 
1987; Chang et al., 1999). The increased levels of transcripts of the preprotachykinin B 
gene both at el 1.5 (Microarray data, Table 1; RT-PCR data, Table 2) and el6.5 (RT-PCR 
data, Table 2) in transgenic animals indicate that transcription of this gene may be 
upregulated by the HOXA5 protein. Our data show evidence that the transgenic 
phenotype may be partially attributable to NK-B misregulation as well. The role of NK-
B in regulating intestinal motility provides a potential mechanism by which an increased 
level of the NK-B peptide in the adult enteric plexus could lead to reduced defecation by 
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transgenics during the rotarod test (Krieger et al., In preparation). While an alternate 
interpretation of this data would suggest that transgenics are less emotional or under less 
stress during that test (Weiss et al., 1998), this interpretation conflicts with the motor and 
sensory performance data indicating that the animals may be in pain and therefore likely 
to be more stressed during the rotarod test. Further evidence consistent with 
misregulation of NK-B and potential defects in intestinal function is the reduced body 
mass of adult transgenic animals (Figure 3). It is of interest that both Hoxa5 
overexpression (this work) and HoxaS ablation (Aubin et al., 1997) contribute to 
reduction in the body mass of adult animals. This reduction can be attributable to 
delayed intestinal maturation of the knockout animals (Aubin et al., 1999), but a 
predicted cause in our Hoxa5SV2 transgenics is not clear. Decreases in food intake or 
disruption of normal intestinal motility could explain both phenotypes, and poor 
nutritional status and decreased activity levels might be reasonably expected as a result. 
Transgenic animals from line a5SV2 demonstrate reduced levels of activity, based on 
subjective observation of animals in their home cages and during the hotplate 
experiments previously reported (Krieger et al., In preparation). This effect is 
particularly noticeable during the hotplate tests, where the wildtype animals typically 
spend most of the time on the hotplate exploring their environment, rearing up to inspect 
the enclosure, or searching for an escape. In contrast, transgenic animals often sat still 
for the duration of the test, occasionally stretching out their forequarters toward the wall 
of the enclosure and then drawing back to the resting position, a maneuver that was not 
observed in wildtype animals (K. Krieger, P. Leuth, and C. Tuggle, unpublished 
observations). 
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Our unexpected inability to detect NK-B expression in the gut of either transgenic 
or nontransgenic newborns conflicts with previous reports of NK-B expression in enteric 
nerves. Since it is unlikely although possible that expression of NK-B in this strain of 
mice varies from strains previously studied, we suspect that either the NK-B primers 
were inhibited by a contaminant in the NB gut RNA preparations, or the specific section 
of gut sampled does not have a high level of preprotachykinin-B expression. In our 
dissection, approximately 1cm of small intestine nearest to the stomach, a segment 
comprised of duodenum and jejunum, was collected. Other researchers (Yunker et al., 
1999) investigated expression of the NK-B precursor protein in ileum (a more posterior 
segment of the gut) of adult rats. These discrepancies need to be resolved with a careful 
analysis of preprotachykinin-B/NK-B expression in the entire gut of wildtype and 
transgenic animals. 
Summary and Proposed Future Work 
The data collected thus far corroborate and extend data and conclusions reported 
previously (Krieger et al., In preparation), but also raise additional questions. Additional 
work to resolve the most pressing of these questions will complete the story to be 
presented in published form. These can be summarized as follows: (a) confirmation and 
demonstration that Neurokinin-B is a direct target of the HoxaS gene; (b) clarification of 
the expression pattern of HoxaS and NK-B in the GI tract; (c) further characterization of 
the metabolic and activity levels in HoxaSSVl mice relative to reduced body mass; and 
(d) the role of apoptosis in the loss of dorsal intemeuron progenitors in Hoxa5SV2 mice. 
Some of these research questions are being currently addressed by members and 
collaborators of the Tuggle lab. Matt Abbott is currently working on aspects of part (a) 
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and (d), while Paul Lueth is working on aspects of part (b) with the assistance of Dr. 
Ioana Sonea of the Department of Biomedical Sciences. 
Confirmation and demonstration that Neurokinin-B is a direct target of the HoxaS 
gene 
The microarray and RT-PCR data are consistent, and provide strong evidence that 
HoxaS and preprotachykinin-B RNA expression are affected in transgenic embryos. 
However, the el 1.5 data from both techniques measured transcript abundance in the same 
RNA samples. One key additional step to verify this data would be to repeat the RT-PCR 
on an additional set of el 1.5 embryos. The suggestion that preprotachykinin-B is a target 
of HOXAS protein is supported by this data and by the presence of several putative 
HOXAS binding motifs in the 5' flanking region of the preprotachykinin-B gene (Tuggle, 
unpublished observations), but has not been conclusively shown. Cotransfection 
experiments demonstrating that induction of HOXAS expression can drive expression of a 
reporter gene attached to preprotachykinin-B regulatory elements will allow us to 
confirm that this gene is likely to be a direct target of the HOXA5 protein in vivo, or 
refute that possibility in favor of this gene being an indirect target. 
Clarification of the expression pattern of HoxaS and NK-B in the GI tract 
Additional work is required to clarify the expression of HoxaS and 
preprotachykinin-B RNA (or NK-B peptide) in the gastrointestinal tract of our animals. 
Initial data are consistent with expression of the transgene in the ENS at el 2.5, but in situ 
hybridization (ISH) staining for HoxaS expression at other times and in the entire GI tract 
will confirm the reported wildtype pattern of HoxaS expression in these tissues, and will 
provide detailed information on the transgenic pattern. Immunohistochemical (IHC) 
staining of transgenic and wildtype newborn and adult gut for NK-B immunoreactivity is 
already underway (I. Sonea and P. Leuth, personal communication) and will provide 
further evidence of NK-B expression patterns in these tissues. To more carefully analyze 
preprotachykinin-B/NK-B expression in the newborn or in embryonic gut, dissection of 
the entire GI tract will be followed by whole mount IHC staining and ISH. Comparisons 
between protein detection (IHC) and RNA detection (ISH) will also allow discussion of 
potential post-transcriptional mechanisms influencing expression of the functional NK-B 
neuropeptide. An alternate approach more applicable to adult (and possibly newborn) 
tissues would be to isolate the entire GI tract and divide it into discrete portions along the 
A-P axis. Isolation of protein and RNA from specific regions of the GI tract from several 
animals of the same genotype followed by western blotting and RT-PCR amplification of 
NK-B will provide clear evidence about the A-P pattern of NK-B expression along the GI 
tract of wildtype mice of the 129Sv/Tac strain, and will allow elucidation of differences 
in NK-B expression in Hoxa5SV2 transgenic and HoxaS knockout animals. These 
investigations comparing the pattern of HoxaS and NK-B expression in the gut wall of 
age matched wildtype, line a5SV2 transgenic, and HoxaS knockout animals will provide 
important insights into the role of HoxaS as a patterning agent during development vs. a 
specific functional role in the late gestational, newborn, or adult animal. 
Further characterization of the metabolic and activity levels in HoxaSSVl mice 
relative to reduced body mass 
Causal factors involved in the reduced body mass of transgenic animals will also 
be further investigated. Initial work in this area includes use of metabolism cages to 
analyze metabolic efficiency of transgenic vs. wildtype 129Sv/Tac animals. Activity 
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levels will also be measured, by at least one of several possible means. Measures of 
home cage activity can provide information about basal activity levels in a comfortable 
environment, while forced activity such as wheel running or exploration of an open field 
introduce additional parameters such as novelty seeking (Weiss and Greenberg, 1998). A 
less technologically demanding and equally useful measure would be to record time spent 
on an activity wheel attached to the home cage, as described by Anne Bronikowski 
(personal communication). Since wheel running is a robust innate activity for mice, we 
expect that alterations in basal activity level would be easily assessed by this technique. 
Other metabolic indicators and physiological measures of stress levels in these animals 
would help complete the analysis of metabolism and activity levels in Hoxa5SV2 
transgenic mice. Some examples would be circulating levels of NK-B either at rest or 
after a stressor such as the rotarod test, circulating levels of corticosterone, and complete 
white blood cell counts. 
The role of apootosis in the loss of dorsal interneuron progenitors in HoxaSS\2 
mice 
Lastly, analysis of other putative target genes will be essential to a complete 
understanding of Hoxa5 function. Misexpression of p53 is of particular interest, given 
the role of this protein in controlling apoptotic cell death, the role of apoptosis in normal 
spinal cord development (Fulci and VanMeir, 1999), and the loss of dorsal horn 
intemeurons seen in the region of high transgene expression previously reported (Krieger 
et al., In preparation). Although p53 was present but unchanged in the el 1.5 samples 
(Table 1), the probable role of this protein in apoptotic cell death could lead to a transient 
or undetectable increase in p53 transcription, as those cells subsequently die, reducing the 
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levels of p53 present. Semiquantitative RT-PCR for the p53 RNA might provide 
additional information regarding the expression levels of p53 in transgenic animals, but 
this approach may not detect transient or limited increases in p53 protein levels and 
subsequent decreases to normal levels after apoptotic cell death. Instead, staining of 
embryonic tissue sections allows direct detection of the presence of apoptotic death in 
progress (Tiret et al., 1998). Careful analysis of tissue at specific A-P levels of the spinal 
cord (comparing the region in which the structural defect is present to those in which it is 
absent) as well as carefully staged developmental stages spanning the normal formation 
of the pathways in question will be worthwhile. While specification of these structures is 
likely to occur relatively early in gestation, patterning and formation of correct 
connections continue into the postnatal period (Fitzgerald and Jennings, 1999), and 
apoptotic restructuring of the future neural populations of the spinal cord begins at about 
el3.5 (Tiret et al., 1998). For these reasons, several developmental stages from 
midgestation (el2.5) to newborn will be included in our studies. We know that the spinal 
cord defect seen in Hoxa5SV2 transgenics is focal and localized to the cervical region 
(C4-C7; Krieger et al., In preparation). The role of apoptosis in normal development of 
the spinal cord is well accepted but the specific mechanisms are not clearly established 
(Tiret et al., 1998; Lowrie and Lawson, 2000). However, it is likely that control of p53 
function is regulated by many factors. Hox genes have already been proposed to play a 
role in regulation of cell proliferation that could include use of the apoptotic pathway 
(Tiret et al., 1998; Barrow et al., 2000), and the study proposed here would allow 
determination whether HoxaS function is mediated through control of apoptosis in 
control of proliferation during spinal cord development. 
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CHAPTER IV: GENERAL CONCLUSIONS 
Summary of Work Presented in Dissertation 
The purpose of this thesis research was to provide new information on the role of 
a murine homeobox gene, HoxaS, in the development of the central and peripheral 
nervous systems. Although HoxaS is expressed in the brachial spinal cord and enteric 
neuroblasts during development, no neural phenotype has yet been observed in the HoxaS 
knockout mutant. In the work reported here, functional HOXAS protein was 
overexpressed in the developing nervous system in transgenic mice in order to gain 
insight into the mechanisms by which this gene exerts its effects during development. 
Evaluation of the phenotypes of FO transgenics and transgenic animals from line 
Hoxa5SV2 provides strong evidence that overexpression of HOXAS disrupts normal 
neural development, primarily of the dorsal horns of the spinal cord in the brachial 
region. Hoxa5SV2 transgenics overexpress HoxaS RNA in the dorsal horns of the spinal 
cord in the brachial region. Transgenic animals display ulceration of the skin of the 
chest/forelimbs, and motor performance defects which are limited to the forelimb and are 
alleviated by treatment with an analgesic. Structural analysis of the dorsal horns 
demonstrates a severe loss of Nissl-positive neurons in the superficial laminae, and 
immunohistochemical analysis demonstrates that this loss disrupts the normal staining 
patterns of substance P and neurokinin-B and their receptors, NK-1 and NK-3. 
Collectively, this evidence is a convincing demonstration of a defect in development of 
sensory neural pathways in the brachial region of Hoxa5SV2 transgenic animals. 
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Substantial effects on the peripheral nervous system have not been demonstrated 
here, although enumeration of peripherin-positive dorsal root ganglion (DRG) cells 
indicates a subtle decrease in C6 DRG. Although not indicative of structural vs. 
functional effects, evidence indicating that additional subtle peripheral defects are likely 
to exist includes the frequent skin ulceration of regions innervated from affected levels of 
the spinal cord, and apparent sensory defects of the forepaw. These observed defects in 
transgenic animals may be secondary to loss of intemeurons with which peripheral 
neurons usually synapse. These studies are presented here (Chapter 2) as a complete 
manuscript intended for submission to the Journal of Comparative Neurology. 
In an additional line of inquiry, line HoxaSSV2 was used as a tool to identify 
potential targets of HoxaS in vivo. Based on the literature and microarray analysis 
comparing Hoxa5SV2 embryonic mRNA expression patterns to wildtype littermates, 
several genes were implicated as candidates for targets of HOXAS function, and further 
study was initiated on the expression of one of these putative targets in HoxaSSVl 
transgenics, neurokinin-B (NK-B), a novel candidate potentially involved in the striking 
neural phenotype. Expression of the NK-B peptide was shown to be affected in 
transgenic spinal cord, and the expected functions of NK-B are consistent with several 
aspects of the transgenic phenotype. The RNA which encodes the NK-B product 
(preprotachykinin-B) was demonstrated to be upregulated in transgenics during 
development, and continuing analysis is investigating expression of the RNA and peptide 
in newborn and adult animals. These data are presented in manuscript form (Chapter 3), 
with a discussion of proposed additional work, of which one or more lines of inquiry are 
necessary to complete a publishable paper. 
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Further Questions to be Addressed Using the Tools Developed in this 
Work 
HoxaS is likely to play a role in correct development of the brachial spinal cord, 
although our evidence does not indicate whether the mechanism of this control is 
specification of cell fate and neuronal identity or control of the processes of proliferation, 
cell survival, and differentiation. 
Recent work by several groups (Lee et al., 2000; Millonig et al., 2000) has added 
to our understanding of the pathways that normally interact to regulate development of 
the spinal cord. In addition, homeobox genes have been clearly shown to play a role in 
the process (Tiret et al., 1998; Barrow et al., 2000). However, the mechanisms of Hox 
gene function in patterning of the nervous system have not been elucidated. Although 
distinct classes of dorsal intemeuron cell fates are identifiable during embryonic stages 
based on marker genes expression (Lee et al., 2000; Manzanares et al., 2000), no link has 
yet been made between these classes of cells during development and specific adult 
laminar structural identity. Our HoxaSSVl transgenic line overexpresses HoxaS in the 
dorsal horns of the developing brachial spinal cord, and displays a focal defect of the 
superficial laminae in the adult. Evaluation of expression of markers for dorsal 
intemeuron populations during development in these animals may help elucidate the 
connection between the various populations of dorsal intemeurons in the developing 
dorsal horn and the adult laminae of the spinal gray matter. 
One of the potential mechanisms by which Hox genes could regulate cellular 
proliferation and differentiation is via control of apoptotic cell death (Tiret et al., 1998; 
Rossel and Capecchi, 1999; Barrow et al., 2000). Because Hoxa5 upregulates p53 
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expression (Raman et al., 2000), and increased p53 activity stimulates apoptotic cell 
death (Eizenberg et al., 1996; Fulci and VanMeir, 1999), it is likely that loss of dorsal 
intemeurons in HoxaS transgenic mice is mediated by a p53 dependent apoptotic 
pathway. Work proposed to complete the information presented in Chapter 3 is intended 
to confirm or refute this suggestion. If increased levels of apoptosis are demonstrated in 
Hoxa5SV2 transgenics, this line could be a tool for investigation of further questions 
regarding the role of apoptosis and p53 in correct development of the dorsal horns of the 
spinal cord. 
Future questions to be addressed include analysis of the specific role of Hoxa5 in 
sensory and motor neuron development in the spinal cord. Since endogenous HoxaS is 
clearly expressed throughout the dorsal-ventral axis of the spinal cord while the 
HoxaSSVl transgene is only present in dorsal regions, this line of mice provides an 
opportunity for analysis of the role of the gene in dorsal intemeuron development. 
Further, comparison of this line of transgenic animals with the HoxaS knockout mice, or 
crossbreeding to create a strain in which Hoxa5 is only expressed in the transgenic 
pattern (without the background endogenous expression) could provide interesting 
information on the specific functional roles of this gene. Careful analysis of the central 
and peripheral nervous systems of Hoxa5 knockout animals, including rates of cell death 
during development, may lead to identification of novel neural phenotypes in these 
animals, and comparison to neural defects seen in transgenics may further improve our 
understanding of the function of HoxaS. 
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APPENDIX: LOCATION OF LACZ GENE FUSION DOES 
NOT AFFECT HOXAS GENE EXPRESSION FROM 
REPORTER CONSTRUCTS 
Introduction 
During development, genes that control differentiation and fate specification are 
expressed under tight temporal and spatial controls. Elucidation of the regulatory regions 
which exert such control will aid in studies of the processes involved, and will potentially 
provide information on causes and treatments of birth defects and other developmental 
problems. 
The homeobox is a well-conserved 180 bp DNA element which encodes a protein 
motif with DNA binding ability. Genes which contain this motif are thought to encode 
transcription factors, and have been implicated as "master switch" elements in fate 
specification and pattern formation in many organisms, including plants (Ruberti et al., 
1991) and invertebrates (Averof and Akam, 1993), and duplication and expansion of 
homeobox gene clusters is likely to have been a key step in vertebrate evolution (Kappen 
et al., 1989; Schughart et al., 1989). While the specific function of many homeobox 
genes remains unclear, disruption of their distinct spatial and temporal expression 
patterns causes a wide range of developmental defects, including homeotic 
transformations (LeMouellic et al., 1992; Jeannotte et al., 1993; Horan et al., 1995; 
Boulet and Capecchi, 1996). 
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In order to further understand the control of such specific expression patterns, a 
lacZ reporter gene was fused to regulatory regions from a murine homeobox gene, 
HoxaS. The endogenous expression pattern of Hoxa5 is complex, and includes up to four 
distinct transcripts (Odenwald et al., 1987; Zakany et al., 1988; Jeannotte et al., 1993). 
Proximal regulatory elements (a 1.4 Kb region 5' of the promoter) are unable to 
completely recapitulate the entire endogenous pattern (Zakany et al., 1988; Tuggle et al., 
1990). While the addition of more distal regions of genomic DNA are able to increase 
the extent of expression of the transgene (Larochelle and Jeannotte, unpublished), the 
entire endogenous pattern has not been replicated. In all of the constructs studied so far, 
the lacZ gene fusion prevents expression of any HoxaS protein, and moves the entire 
coding region (including the intron) about 3 Kb downstream of the promoter or deletes 
the coding region completely. While the entire pattem of some Hox genes can be 
recapitulated with flanking DNA elements (Puschel et al., 1991), there is evidence that 
regulatory elements exist in the intron(s) or even exons of homeobox genes (Whiting et 
al., 1991), so these lacZ fusions may have disrupted location-dependent elements within 
the coding region of HoxaS. To test this possibility, we have fused the lacZ coding 
sequence in frame into the second exon of the Hoxa5 gene, leaving the promoter and 
upstream regulatory elements in their original relationship to the first exon and the intron. 
This transgenic construct is expected to produce a partial HOXA5 protein fusion to the 
lacZ protein. However, the fusion is within the homeodomain, and precludes the 
production of a functional HOXAS protein from this construct. 
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Methods and Materials 
Production of the lacZ reporter construct (p35-21acZR) 
Linear plasmid was isolated from an EcoRI partial digest of p35-2, which 
contains 4.3 kb of mouse genomic DNA, including 1.4 kb of 5' regulatory regions. 
EcoRI-BamHI linkers containing an internal Hindin site were ligated to the vector 
fragment to generate non-phosphorylated BamHI ends. The 3 kb BamHI lacZ coding 
region was isolated from pMC1871 and ligated to the vector/linker fragment. After 
transformation into DH5a competent cells, single colonies were grown in 3 ml LB+amp 
overnight and checked by quick phenol preps. Plasmid was purified from cultures that 
appeared to contain the desired construct, and these plasmids were checked by restriction 
digestion. After selection of putative p35-21acZR constructs, the EcoRI-BamHI joint was 
sequenced using the Sequenase 2.0 kit to verify insertion of the lacZ coding sequence in 
frame. 
Microinjection and analysis of transgenics 
B6CBAF1/J mice were generated by crosses between C57B1/6J females and 
CBA/J males. Fertilized eggs for microinjection were obtained by mating superovulated 
prepubescent B6CBAF1/J females with mature B6CBAF1/J males. Pseudopregnant 
females for oviduct transfer were generated by mating with vasectomized adult males. 
Embryo culture, microinjection, and oviduct transfer were performed as described 
(Hogan et al., 1994). 
F0 embryos were collected at dl2.5 of gestation. Placental DNA was analyzed by 
dot blot and PCR to identify transgenic animals. All F0 embryos were tested for lacZ 
activity as described (Zakany et al., 1988). 
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Results and Discussion 
Six FO embryos which showed lacZ staining were identified as transgenic by both 
DNA dot blot analysis and PCR. One additional expressor was negative by dot blot but 
positive in subsequent PCR analysis. PCR and dot blot analysis also identified three non-
expressing transgenic embryos, for a total of 10 transgenics, of which 7 express the 
transgene. The lacZ expression pattern of all seven expressors included brachial spinal 
cord expression, and 4/7 showed only this pattern. One additional animal showed distinct 
staining of the maxillary process and an area of light stain in the spinal cord at the level 
of the hindlimb. The remaining two animals showed a broader pattern of lacZ expression 
including spinal ganglia, midbrain, and additional peripheral staining. Staining patterns 
for lacZ expression are shown in Figure 1. 
These results do not differ qualitatively from expression data generated for other 
lacZ/aS transgenes. Together, they indicate that the lacZ insertion site has little or no 
effect on the expression pattern of lacZ from these constructs. Further, this implies that 
there are not location dependent regulatory elements in the intron or first exon of HoxaS. 
Figure 1 : LacZ Expression in FO Transgenic Embryos. 
Dorsal and lateral views of e 12.5 transgenic expressors, stained 
for lacZ. All expressors show lacZ expression in the brachial 
spinal cord, at approximately the level of pv3-pvl0. Additional 
unique expression sites (A, B, D) are likely to be due to position 
artifact, as they are not observed in all transgenics. 
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Detailed Materials and Methods 
Vector Preparation 
Partial digests of pCKT35-2 were performed in a total volume of 1 ml IX 
Promega buffer "H", containing 20 ug pCKT35-2 and 10 u EcoRI (Promega) and 
incubated at 37oC. Aliquots of 100 ul were removed into 100 ul phenol every minute 
from 3-12 minutes. The combined aqueous phases were pheno 1:chloroform extracted, 
ethanol precipitated, and resuspended in 400 ul TE. EcoRI/BamHI linkers containing an 
internal Hindm site were ligated to the EcoRI ends of the partial digest at an estimated 
picomolar ratio of 1:100 or 1:200. Linker sequences were: CT061203 5 
aattcacaagcttactg-3 ' and CT061201 5'-gatccagtaagcttgttg-3'. CT061203 was 5' 
phosphorylated to allow ligation to the vector but not multimerization of the linkers. The 
6.6 kb linear fragment isolated from this ligation was expected to be the 6.6 kb vector 
fragment with EcoRI/BamHI linkers on both ends. This fragment was isolated by 
electroelution, puriifed by phenol and pheno/chloroform extractions, ethanol precipitated, 
and resuspended in TE at a final concentration of 10 ng/ul. 
Insert Preparation 
pMC1871 was cut to completion with BamHI (Promega) to release a 3.0 kb lacZ 
fragment. This fragment was isolated by electroelution, purified by phenol and 
phenol/chloroform extractions, ethanol precipitated, and resuspended in TE at a final 
concentration of 25 ng/ul. 
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Production and Identification of Recombinant Plasmid 
The prepared vector fragment and the lacZ insert were ligated overnight at 14 °C 
at a molar ration of 1:2 or 1:5 and transformed into DH5a competent cells. Single 
colonies were picked into 3 ml LB media containing 50 ug/ml ampicillin and grown at 37 
°C overnight. Quick phenol preps were performed as follows: 200 ul cells were pelleted 
and resuspended in 20 ul 3x loading buffer (Xylene cyanol, bromphenol blue; as in 
Maniatis), then extracted with 20 ul 1:1 phenolxhloroform. 10 ul of the resulting 
aqueous phase was run on a 0.8% TBE/agarose gel. Plasmids that appeared to contain 
insert were further characterized by minipreps (as in Maniatis) and restriction digestion 
with Sad and Hindlll to check location (at one of two possible EcoRI sites) and 
orientation of the insert. Three potentially correct clones were produced in larger 
quantity for sequence analysis and sequenced with the Sequenase 2.0 kit, using the 
directions provided with the kit. The sequencing primer was located in the lacZ 
fragment, to sequence the upstream joint to confirm orientation and location, and to 
verify that the insertion was in frame. The correct clone was verified again by restriction 
digestion with EcoRI, HindM, and Sad. 
Isolation and Injection of NotI fragment from pCKT-2lacZR 
Eighteen ug of pCKT35-21acZR was digested to completion with NotI, and the 
7.3 kb fragment (containing the lacZ coding region inserted in the EcoRI site of the 
Hoxa-S homeobox) isolated by electroelution, purified by phenol and pheno/chloroform 
extractions, ethanol precipitated, and resuspended in 500ul TE. The fragment was further 
purified by dialysis at 4°C against lx injection buffer (5mM Tris (pH 7.4); O.lmM 
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EDTA) for 4x 12 hour changes of 500 ml each. After careful quantitation, 20ul aliquots 
were stored at -20 °C for individual use. 
Four week old C57B16/J x CBA F1 females were superovulated and mated to stud 
C57B16/J x CBA F1 males. Fertilized single cell embryos were isolated as described in 
Hogan et al, 1994. The 35-21acZR NotI DNA fragment (at 2ng/ul) was injected into one 
pronucleus of each embryo. Embryos surviving injection were transferred into 
pseudopregnant B16 females and allowed to develop to dl2.5. Embryos were dissected 
into PBS containing 0.25% glutaraldehyde and fixed for 45 minutes at 4 °C. Staining for 
lacZ activity was as described (Zakany et al., 1988). 
Pot Blot Detection of lacZ Fragment 
Placental DNA was isolated from F0 embryos by ProK digestion and 
phenol/chloroform extraction and digested with Xhol. Approximately 3ug of genomic 
DNA was denatured by boiling for 5 minutes followed by incubation on ice and addition 
of 200ul 20x SSC. Samples were spotted onto nitrocellulose filters under vacuum and 
UV crosslinked. Following prehybridization at 65oC for two hours, radioactively labeled 
prob (lacZ fragment) was added at a concentration of approximately 1 million cpm/ml. 
Hybridization was performed overnight at 65oC. Filters were washed at high stringency 
(O.lxSSC, 0.1% SDS, at 70oC) three times for 15 minutes and exposed to x-ray film for 
detection. 
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